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50 LAT WYDZIALU ELEKTROTECHNIKI I INFORMATYKI
POLITECHNIKI LUBELSKIEJ

Wizualizacja siedziby WEil po rozbudowie

Wydzial Elektrotechniki i Informatyki Politechniki Lubelskiej w 2014 roku obchodzi jubileusz 50-lecia
dziatalno$ci. Jednostka ta powstata w 11. roku dziatalno$ci pierwszej uczelni technicznej w Lublinie, 6wczesnej
Wieczorowe]j Szkoty Inzynierskiej, jako jej drugi wydzial. W ubieglym roku Politechnika Lubelska swigtowata
60-lecie istnienia. Obecnie w strukturze organizacyjnej Uczelni funkcjonuje sze§¢ wydzialow: Elektrotechniki
i Informatyki, Mechaniczny, Budownictwa i Architektury, Inzynierii Srodowiska, Podstaw Techniki
oraz Zarzadzania.

W zeszlorocznej ocenie parametrycznej wydziat uzyskat kategori¢ A, jako jeden z trzech w Politechnice
Lubelskiej. Traktujemy te okoliczno$¢ jako jeden z waznych, obok jubileuszu, powodow do $wigtowania.

Obchody obejmujg kilka wydarzen, ktore majg na celu przedstawienie i promocj¢ osiggnie¢ wydzialu
oraz planow na przysztos¢ w zakresie edukacji, rozwoju kadry i badan naukowych w $rodowisku inzynierow
elektrykow 1 informatykow. W okresie 50 lat dzialalno$ci wydziat wydat 8 731 dyplomoéw inZyniera i magistra
inzyniera, w tym 7 715 w dyscyplinie elektrotechnika i 1 016 w dyscyplinie informatyka. Od czasu uzyskania
praw doktoryzowania w 1978 roku wypromowalismy 106. doktoréw nauk technicznych, a od momentu uzyskania
pelni praw akademickich w 2000 roku — 15. doktorow w dyscyplinie elektrotechnika uzyskato stopnie naukowe
doktora habilitowanego. Obecnie ksztatcimy ponad 1100 studentéw na kierunkach Elektrotechnika, Informatyka
1 wspolnie z Wydzialem Mechanicznym na kierunkach Mechatronika oraz Inzynieria Biomedyczna.

Jubileuszowe uroczystosci rozpoczng si¢ posiedzeniem Senatu PL w dniu $wigta Politechniki Lubelskiej —
13 maja 2014 roku. Dzien wczesniej, 12 maja 2014 roku, odbedzie si¢ okolicznosciowa konferencja
pn. ,,Wydzial Elektrotechniki i Informatyki kuznig kadr dla przemystu”, ztozona z dwdch sesji: naukowo-
edukacyjnej: ,,WEil — wczoraj, dzi$ i jutro”, adresowanej do przysztych kandydatéw, studentéw, absolwentow
i pracodawcow, oraz naukowo-dyskusyjnej: ,Nauka i innowacje na WEil PL dla przemyshi”, kierowane;j
do naukowcow i przedstawicieli biznesu.

Piknik pracownikéw Politechniki Lubelskiej, organizowany tradycyjnie w ramach obchodéw Swieta
Uczelni, w tym roku odbedzie si¢ 13 czerwca 2014 roku i bedzie mu towarzyszyt zjazd absolwentéw Wydzialu
Elektrotechniki i Informatyki PL.

50. inauguracja roku akademickiego 2014/2015 na Wydziale Elektrotechniki i Informatyki Politechniki
Lubelskiej odbedzie si¢ w pazdzierniku 2014 roku, a glownym punktem uroczysto$ci bedzie oddanie
do uzytkowania dobudowywanego ze $rodkéw MNiISW Wydziatowego Centrum Elektroniki, Optoelektroniki
i Teleinformatyki.

W imieniu spotecznosci Wydzialu Elektrotechniki i Informatyki, wladz uczelnianych i wydzialowych
oraz czionkow Rady Wydzialu serdecznie zapraszam wszystkich absolwentéw, bylych 1 obecnych
wspotpracownikow i sympatykow naszej jednostki na uroczystosci 50-lecia.

Dziekan WEil
Prof. Henryka Danuta Stryczewska
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oddajemy w Panstwa rece pierwszy w 2014 roku numer wydawanego przez CITT LPNT kwartalnika IAPGOS.

Gorgco polecamy artykut profesora Waldemara Wojcika, prof. Batyrbeka Suleimenova, dr inz. Genadiya Shadrina, mgr inz. Mikhaila
Shardina oraz mgr inz. Dmitriya Porubova na temat systemu automatycznego zarzadzania zespotem samochoddéw z silnikami diesla.
W artykule zostato rozpatrzone optymalne sterowanie procesem przemieszczania pojazdow z zastosowaniem ztozonego kryterium,
zaleznego od zuzycia paliwa i czasu przejazdu, ze zmiennymi wspotczynnikami modelu matematycznego fizycznego procesu,

uwzgledniajac wptyw czynnikow zakldocajacych.

W numerze znajdg Panstwo réwniez artykul prezentujacy metod¢ syntezy trajektorii ruchu robota manipulacyjnego wg stopni
swobody, autorstwa prof. Muhita Baybatshaeva oraz dr inz. Akambaya Beysembaeva.

Polecamy rowniez kilka artykul przedstawiajagcy matematyczny opis systemu kontroli ztoZzonego systemu dynamicznego na
przyktadzie grupy bezzatogowych samolotow autorstwa prof. Olega Mashkova oraz dr inz. Maksyma Korobchanskyia.

Mitosnikom modelowania matematycznego proponujemy artykul omawiajacy wyniki badan dotyczace rozwigzan numerycznych
punktowego modelu utamkowego rzedu kinetyki neutrondéw oraz wymiany ciepta w reaktorze jadrowym.

Osoby zainteresowane modelowaniem przepltywu ciepta na pewno nie poming artykutu autorstwa prof. Alicji Piaseckiej-Belkhayat
oraz mgr inz. Anny Korczak, dotyczacego dwuwymiarowego modelu numerycznego przeptywu ciepta w ciele krystalicznym.
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Fot. 1. Prof. Nurlan Mukhanovich Temirbeko (rektor) i prof. Waldemar Wdjcik podczas wreczenia tytutu profesora honorowego Wschodniokazachstariskiego Paristwowego

Uniwersytetu Technicznego im. D. Serikbayeva

W  dniu 25 grudnia 2013 roku odbyla si¢
w  Ust-Kamienogorsku  (Kazachstan) uroczysto§¢ nadania
godnosci profesora honorowego Wschodniokazachstanskiego
Panstwowego Uniwersytetu Technicznego im. D. Serikbayeva
prof. Waldemarowi Wojcikowi.

Prof. Waldemar Wojcik w lipcu 1975 roku ukonczyt studia
magisterskie na Wydziale Elektroniki Politechniki Wroctawskiej.
Bedac absolwentem specjalnosci telekomunikacja rozpoczat
od 1 pazdziernika 1975 roku prace jako asystent w Zaktadzie
Automatyki i Pomiaréw, kierowanym przez doc. dr inz. Tadeusza
Latoche w Politechnice Lubelskiej zajmujac si¢ automatyzacja
przemystowych proceséw technologicznych w ramach programu
weztowego dot. racjonalnej gospodarki energig elektryczng. W
latach 1981-82 odbyt staz naukowy w Moskiewskim Instytucie
Energetycznym, gdzie w Katedrze Automatyki u prof. Krupa
pracowal nad tematem po$wigconym opracowaniu metod syntezy
wielowymiarowego systemu regulacji liniowych obiektow
stochastycznych. W sierpniu 1985 roku obronit prac¢ doktorska
pt. ,,Komputerowa stabilizacja parametréw szlamu w procesie
produkcji cementu” pod kierunkiem doc. dr inz. Tadeusza
Latochy.

W tym czasie o$rodek lubelski intensywnie pracowat nad
zastosowaniem techniki $wiattowodowej w roznych dziedzinach
gospodarki. Prof. W.Wojcik wiaczyt sie do pracy zespotu
realizujacego te zadania. Przez prawie dziesi¢¢ lat brat udzial w
ponad 20 pracach badawczo-wdrozeniowych wykonywanych w
ramach  Centralnych  Programéw  Badawczo-Rozwojowych
(7 tematow) oraz zlecanych przez m.in. energetyke, gornictwo,
banki, itp. W roku 1992 odbyt staz w Politechnice Madryckiej w
Katedrze Optoelektroniki, w ramach ktorego pracowat w Parku
Technologicznym w Zamudio k. Bilbao.

Po powrocie zajal si¢ tematyka monitorowania procesow
spalania w kotlach energetycznych. Od 1994 roku podjal $cista
wspotprace z Elektrownig ,,Kozienice” SA, a od 1995 roku z
Instytutem Energetyki w Warszawie. Wspolpraca z elektrownia
zaowocowala kierowanymi przez niego czterema pracami
badawczymi, ktorych rezultaty zostaly wdrozone oraz grantem
celowym, ktorego byt kierownikiem. Zakonczyt si¢ on sukcesem
w marcu 2002 roku, a dotyczy nowych konstrukcji aparatury

przeznaczonej do monitorowania pracy palnikéw pytowych i
mazutowych w kottach OP 650 i AP 1250. Rezultatem
wspotpracy z Instytutem Energetyki byt udziat w grancie w
ramach V programu Ramowego Unii Europejskiej pt.
,Charakteryzacja zaptonu i przebiegu spalania mieszanek
wegiel/paliwo wtdrne poprzez pomiary w ptomieniu turbulentnym
w pomnigjszonej skali (0,5 MWth)”. W 1997 roku rozpoczat
wspotprace z Katedra Uktadow Elektronicznych Politechniki
Lwowskiej. W ramach tej wspotpracy obronit w 2001 roku prace
habilitacyjng pt. ,Metody kontroli parametréw cieplnych
proceséw spalania”, w ktorej przedstawil gtéwne rezultaty prac
prowadzonych w Elektrowni ,,Kozienice". Wyniki tych prac
naukowo-badawczych, jako autor lub wspotautor, przedstawit w
czterech monografiach, ponad 80 artykutach opublikowanych w
materiatach konferencyjnych konferencji migdzynarodowych i
krajowych.

W wyniku realizacji prac badawczych utworzyt w Katedrze
Elektroniki grupe, ktora zajmuje si¢ badaniami zwigzanymi z
zastosowaniem nowych konstrukcji optoelektronicznych do
diagnostyki, sterowania i nadzoru procesu spalania w
przemystowych  kottach energetycznych. W wyniku
prowadzonych prac badawczych z tego zakresu 9 cztonkow
zespotu zrealizowalo prace doktorskie, jedna uzyskata stopien
doktora habilitowanego, a Waldemar Wojcik w 2009 roku
otrzymat tytut profesora nauk technicznych.

Prof. W.Wojcik laczy prace naukowa i dydaktyczng z
dziatalnoécia organizacyjng i spoteczng. W latach 1999-2005
(dwie kadencje) petit funkcje prodziekana ds. ksztalcenia na
Wydziale Elektrycznym Politechniki Lubelskiej, a nastgpnie przez
dwie Kkadencje (2005-2012) byt dziekanem tego wydziatu. Byt
m.in. inicjatorem stworzenia Lubelskiego Parku Naukowo-
Technologicznego, budowy Centrum Elektroniki, Automatyki i
Teleinformatyki  Wydziatu  Elektrotechniki i  Informatyki
Politechniki  Lubelskiej, czy tez wspoélzatlozycielem i
przewodniczacym rady naukowo-programowej czasopisma
Pomiary, Automatyka, Komputery w Gospodarce i Ochronie
Srodowiska (obecnie IAPGOS).

W jego dziatalnosci istotne sg zwiazki z Ukraing, Bialorusia,
Rosja, a w ostatnim czasie takze z Kazachstanem. Jego aktywnos¢
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naukowa zaowocowata m.in. wlaczeniem Go w 2001 roku w sktad

kolegium redakcyjnego czasopisma ,,Optoelectronic Information —

Power Technologies” wydawanego w Winnicy na Ukrainie.

Wszedl rowniez (w 2003) w sklad kolegium redakcyjnego

czasopisma ,,Energetyka” publikowanego w Minsku na Biatorusi.

W czasopiémie Przykarpackiego Uniwersytetu w lwano-

Frankowsku (Ukraina) ,Fizika i chimija twerdogo tila”

powierzono mu w 2004r. funkcj¢ zastgpcy przewodniczacego

kolegium redakcyjnego. Natomiast w czasopismach wydawanych
przez Narodowy Uniwersytet ,,Lvivska Politiechnika”: Wisnik:

Elementi Tieorij ta Priladi Tvierdotiloj Elektroniki oraz Wisnik:

Elektronika, wszedt w sktad komitetow redakcyjnych. Instytut

Elektroniki i Technik Informacyjnych PL kierowany przez

prof. W. Wojcika jest wspotorganizatorem wraz z partnerami ze

wschodu szeregu konferencji, wérdd ktorych nalezy wymienic:

e Sztuczna inteligencja - systemy inteligentne 112013,

e The Issues of Calculation Optimization (ISCOPT-XL),

e Intellectual systems of decision-making and problems of
computational intelligence.

e Corocznych Interdisciplinary International PhD Workshops
oraz krajowych Warsztatbw Doktoranckich wspotorganizo-
wanych z Instytutem Elektrotechniki w Warszawie oraz AGH.
Dziatania prof. W. Wojcika na rzecz integracji $rodowisk

naukowych Polski i Ukrainy, a takze Biatorusi i Rosji zostaty

dostrzezone, czego wyrazem bylo powierzenie mu funkcji vice-
prezydenta Ukrainiskiej Akademii Informatyki odpowiedzialnego
za rozw0j wspolpracy z krajami Unii Europejskie;j.

Prof. W. Wojcik petni réwniez od 2007 roku funkcje
rzeczywistego cztonka zagranicznego Ukrainskiej Akademii
Informatyki, a takze Czlonka Akademii Nauk Radioelektroniki
Stosowanej Rosji, Ukrainy i Biatorusi.

Waznym obszarem dziatalno$ci prof. W. Wojcika jest rozwdj
mlodej kadry naukowej. Pelni on funkcje promotora
zagranicznego w 6 otwartych przewodach doktorskich mtodych
pracownikow naukowych z Kazachstanu, a jeden z przewodow
zostal juz zakonczony. Dzigki jego zaangazowaniu i pomocy
blisko 25 innych doktorantow realizuje swoje prace pod
kierownictwem promotorow z Polski.

Z inicjatywy prof. W. Wojcika zostalo powotane w
Politechnice  Lubelskiej ~ biuro ~ Programu  Partnerstwa
Wschodniego. Jego gtéwnym celem jest aktywizacja wspolpracy
uczelni z partnerami ze wschodu Europy. Wymiernymi efektami
dziatalno$ci sg wspdlne aplikacje Politechniki Lubelskiej i uczelni
z Biatorusi i Ukrainy o $rodki na realizacj¢ projektow. Takim
projektem jest np. projekt ,,PL-NTU Transgraniczna wymiana
doswiadczen”, realizowany w ramach Programu Wspolpracy
Transgranicznej Polska - Biatoru§ - Ukraina 2007-2013
finansowanego ze $rodkéw Unii Europejskiej w ramach
Europejskiego Instrumentu Sasiedztwa i Partnerstwa. Realizacja
projektu  pozwoli na wymiang doswiadczen w zakresie
organizacyjnym, dydaktycznym i naukowym  pomi¢dzy
Politechnika Lubelskg a Luckim Narodowym Uniwersytetem
Technicznym (Ukraina). Kierowane przez prof. W. Wojcika biuro
Programu Partnerstwa Wschodniego odpowiedzialne jest rowniez
za przygotowanie i realizacje uméw mi¢dzyuczelnianych, w tym

ISSN 2083-0157

w zakresie tzw. programu podwojnego dyplomu. Dzigki
osobistemu zaangazowaniu prof. W. Wojcika w te dziatalnosé
wielokrotnie zwigkszyla si¢ liczba studentow ze Wschodu, ktorzy
studiuja na Politechnice Lubelskie;j.

Wspotpraca lubelskiej uczelni technicznej i uczelni
zagranicznych zwlaszcza z Ukrainy i Kazachstanu przejawia si¢
réwniez w zakresie tzw. mobilnosci akademickiej, w ramach
ktorej w 2013 roku blisko 30 doktorantéw z Kazachstanu
odbywato staze na Politechnice Lubelskiej, prawie 80 studentow
studiow II stopnia przebywato na stazach krotkoterminowych, a
ponad 10 studentéw studiowalo w ramach wymiany
migdzyuczelnianej. Program mobilnosci akademickiej to rowniez
wymiany pracownikow naukowo-dydaktycznych, ktérych w 2013
roku odnotowano blisko 10.

Zaangazowanie prof. Waldemara Wojcika we wspotprace z
uczelniami Ukrainy i Kazachstanu na réznych ptaszczyznach
spowodowata, ze W 2011 roku otrzymat godno$¢ Doktora Honoris
Causa Instytutu Cybernetyki im. W.M. Gluszkowa NAN Ukrainy
(Kijoéw, Ukraina). Otrzymat rowniez tytuty profesora honorowego
Winnickiego Narodowego Uniwersytetu Technicznego (Winnica,
Ukraina) w 2011 roku, Chersonskiego Narodowego Uniwersytetu
Technicznego (Cherson, Ukraina) w 2012 roku.

Prof. W.Wojcik jest autorem i wspotautorem ok. 400 prac
naukowo-badawczych, w tym ponad 50  monografii
i podrecznikoéw, ponad 40 prac z tzw. listy filadelfijskiej i ponad
60 publikacji z bazy SCOPUS.

Za swoja dzialalno$¢ byt wielokrotnie nagradzany nagrodami
Rektora PL oraz PWSZ w Jarostawiu, nagrodami Ministra Nauki,
Szkolnictwa Wyzszego i Techniki (1979) oraz Ministra Edukacji
Narodowej (1990), a takze Srebrng honorows odznaka ,,Zastuzony
dla Lublina” (1988), Medalem Komisji Edukacji Narodowej
(2002), Brazowym Medalem ,,Za zastugi dla obronnosci kraju”
(2007), jak rowniez Srebrnym (1984) i Ztotym Krzyzem Zastugi
(1999), a w 2011 roku Krzyzem Kawalerskim Orderu Odrodzenia
Polski.

Fot. 2. Uroczystos¢ wreczenia prof. Waldemarowi Wojcikowi (z prawej) tytulu
profesora honorowego Winnickiego Narodowego Uniwersytetu Technicznego (2011)
z prawej: dr Krzysztof Swiderek — Konsul Generalny RP w Winnicy, w srodku:
prof. Wolodymyr Grabko - Rektor

Fot. 3. Uroczyste posiedzenie rady naukowej Wschodniokazachstanskiego Panstwowego Uniwersytetu Technicznego im. D. Serikbayeva poswiecone nadaniu tytutu profesora

honorowego prof. Waldemarowi Wdojcikowi
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COOPERATION HORISONS AT DEPARTMENT
OF AUTOMATION AND CONTROL, KazNTU
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K.1. Satpayev Kazakh National Technical University, Institute of Information and Communication Technologies

Abstract. This article gives brief information about the history of the Kazakh National Technical University named after K.l. Satpaev (KazNTU)
and the Department of Automation and Control (AaC). It describes the current state of educational, scientific and methodical work of the department.
The article contains data on international cooperation and research activities of the department.

Keywords: Automation and Control, Kazakh National Technical University named after K.1. Satpayev

HORYZONTY WSPOLPRACY KATEDRY AUTOMATYZACJI | STEROWANIA, KazNTU

Streszczenie. W artykule przedstawiono krétkie informacje o historii Kazachskiego Narodowego Uniwersytetu im. K.I. Satpaeva (KazNTU) i Katedry
Automatyzacji i Sterowania. Przedstawiono aktualng dziatalnosé katedry w zakresie nauki, dydaktyki i metodyki. Omowiono wspolprace miedzynarodowq

i dzialalnosé badawczq katedry.

Stowa kluczowe: automatyzacja i sterowanie, Kazachski Narodowy Uniwersytet im. K.I. Satpayev

1. Brief information about KazNTU named after
K.l. Satpaev

Kazakh National Technical University named after
K.l. Satpayev is the oldest technical institution of higher education
of the Republic Kazahstan. Since its creation in 1934, it was called
the Kazakh Mining and Metallurgical Institute, and since 1960 the
Kazakh Polytechnic Institute. In 1994, it was converted to the
Kazakh National Technical University (KazNTU). In 1999,
for meritorious service in the preparation of engineering and
technical staff of the country, KazNTU was named after the
outstanding scientist, academician Kanysh Imantaevich Satpaev
by the order of Government of the Republic of Kazakhstan.

During its existence, more than 100,000 professionals required
for all sectors of the economy of the country were graduated from
the university. Today, the university is ranked 1st in the ranking
of universities in Kazakhstan on the academic performance
of technical training schools. The university employs 165 doctors
and 555 candidates of sciences, among them 42 academicians.
The university is a member of the International and the European
University Association, and is the parent institution of the SCO
Network University in the following areas: nanotechnology,
environment, information technology, and energy. The University
provides training in 46 undergraduate specialties, 46 master
programs and 22 doctoral programs.

2. A brief history of the Department of AaC

The department of Automation and Control is a leading
educational and research unit of the University in the direction
of automation and information for the economy sectors of the
republic.

The beginnings of the creation of the department are traceable
to sixties of the last century. In connection with the start
of introduction of technologies and equipment having elements,
systems of automation of processes and production into different
industry sectors of the Republic (mining, metallurgical, energy
etc.), a need for expertise in their design, development,
introduction, and operation arised.

To meet this need, the specialties for education in areas
of automation, electronics, electronics and computer technology
were formed in the Kazakh polytechnic institution in 1962.
In particular, the Department of Automation and telemechanics,
and after some time the department of automation of metallurgical
processes were organized. On the basis of these departments, the
Department of Automation and Control was established in 2008.

Currently, the department trains bachelors, masters
and doctoral candidates in the specialty of automation and control.
The department has 28 highly qualified lectors, including
3 doctors of science, 3 professors, and 9 candidates of science.
The department is chaired by its graduate Doctor of Technical
Sciences, Professor B. A. Suleymenov, who is a prominent

scientist and expert in the field of intelligent control systems.
He is the author of over 150 scientific papers, among which
4 books, 4 textbooks. The four dissertations for the degree
of Doctor PhD were defended under his leadership.

Since 70’s, the Doctor of Technical Sciences, Professor,
Honored Worker of Science and Technology of RK D. Zh.
Syzdykov works, who over thirty years led the Department
of automation and telemechanics, and is a well-known scholar in
the field of the theory of identification and adaptive control.
15 PhD and 4 doctoral dissertations were defended directly under
his supervision. Professor Syzdykov D.Zh. has published
170 scientific papers, including three monographs.

The graduate of the department, doctor of technical sciences,
professor M.Sh.Baybatshaev, an eminent scientist in the field
of robotization and automation of technological processes and
production, is also working at the department. He is the author
of more than 100 published scientific works including
monographs and textbooks.

The candidates of technical sciences - professor Z. M.
Yarmukhamedova, associate professors: S. K. Koshimbaev, B. K.
Muhanov, A.H. lbraev, A. A. Beisembaev, T. F. Omarov, O. I.
Shiryaeva, M. M. Orynbet, N. S. Sarsembaev, S. K. Abdygaliev
— have made a significant contribution to the establishment
and development of the department.

In the last five years of its activities, the department is aimed
at achieving the global goal of the university - the status
of a research university of international level. To do this, the
concrete measures on integration of vocational education and
science with the production, orientation of the educational process
on the current and future needs of the market and the national
economy were taken.

3. The material and technical base
of the department of AaC

In order to effectively prepare specialists in specialty
"Automation and Control”, the material- technical base of the
department was radically transformed in the framework of a multi-
stage system "Bachelor - Master - Doctor of Sciences". Now, the
equipment and software products from the world's leading
companies in the field of automation and control are used in the
educational process: Siemens, Honeywell, Schneider Electric,
Yokogawa, Festo, Fisher-Rosemount, OWEN, etc. It should
be specially noted that the reconstruction of the material
and technical base of the department was carried out for the
expense of sponsorship at no cost to the university.

The research and training center for automation «KazNTU —
Honeywell», in which students and undergraduates study
programming, learn the skills of working with software products
of U.S. aerospace company Honeywell, was created on the basis
of the department. The equipment and software provided
by Honeywell is worth more than 160,000 euros.
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With the software and hardware automation means from
the world-famous company Siemens, students familiarize
themselves with the Kazakh-German Research and Training
Center for Automation “KazNTU — Siemens”.

The actual methods for automatic control of electro energetic
processes and robotized complexes are studied in a specialized
training center equipped by Schneider Electric with the assistance
of the Ministry of Education of France. The center has three
laboratories: "Automated Systems", "Research of Electric Power
Systems"”, "Design and installation of electrical circuits".
The Laboratory equipment is designed to teach the design,
installation and commissioning of low-voltage power systems, for
the demonstration of processes of the generation, transformation,
and distribution of electric energy on real physical models.

Along with centers established jointly with foreign companies,
two integrated laboratories operate at the department: computer
modeling laboratory and software and hardware automation
laboratory. The cooperation agreement between the KazNTU and
Chevron allowed equipping the department laboratory with the
training stand of the pneumatic automation for the Swiss company
“Festo”. The employees of the department are learning to work
with laboratory stands for the Japanese company “Yokogawa”.
The negotiations on cooperation in the sphere of education and
science with the leading Austrian IT - company “Bernecker
+ Rainer” are conducted.

The introduction of high level technology platforms into the
educational process allows to learn modern methods and tools for
automatic control of processes and industrial complexes on real
physical models on the basis of the control computers.

The training of engineers can not be done without the students
practice using modern equipment. The participation of students
from the first years of learning in development of modern tools
will facilitate the formation of a systematic approach to learn new
knowledge and competencies in graduates.

4. International cooperation and research
activities of the Department of AaC

The partnership of the department "Automation and Control"
with foreign companies is mutually beneficial. The foreign
companies operating in Kazakhstan through their participation
in the development of training facilities of the department
contribute to the training of graduates - the future purchasers
of their equipment possessing skills to work on it and not
requiring further retraining. At the same time, the department has
significantly improved the substantive level and the quality
of training of engineering and technical personnel in-demand
in companies, which are the leaders of modernization.

Moreover, lectors, masters and doctoral students of the
department improve their skills by learning to work the received
equipment; some of them have been trained in Moscow training
center "Siemens", Belgian educational center “Honeywell",
training center "Festo”, and Kazakhstan's leading innovative
company "Sistemotehnika".

Along with the implementation of educational functions,
the advanced equipment of centers and laboratories is the basis
for the conduction of researches. Over the past three years,
the scientists of the department have performed or are in the stage
of completion of the 12 research projects on request of enterprises
and through grant funding from MES of RK.

On completed research projects, the technical projects are
developed or systems of the automatic control of technological
process for enterprises "Corporation "Kazakhmys", "Kaztransoil",
"IntergazTsentralnayaAziya", "Kazphosphate".

The applied researches of the department is not only
an opportunity to attract additional budgetary and extra-budgetary
funds, but also an important necessary component of the
qualitative educational process — performing of financed and
initiative researches by students, undergraduates and doctoral
students of the department. The results of many executed master's
and doctoral dissertations are a good stepping stone for future
innovative projects. Currently, we admit to a MA course up to
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25 % of graduates of bachelor's program, and 5-6 best graduates
of the MA course are annually admitted to doctorate at the
department.

The active research activity of the department can improve
the intellectual capacity of the department: now the steadiness
of the teaching staff is 75%.

The republican scientific and production magazine "Vestnik
avtomatizatzii”, in which teachers, masters and doctoral students
as well as the well-known scientists, engineers and business
leaders of the country publish their works, is published at the
department. The subscribers are large enterprises, promotional
organizations, universities and libraries of Kazakhstan and CIS
countries.

The department actively cooperates with renowned foreign
universities and training centers: University of Florence (ltaly),
Slovak  University of Technology, Lublin  University
of Technology (Poland), University named after J. Fourier
(Grenoble, France), where teachers, doctoral and undergraduates
undertake scientific internships. Professors of these universities
are co-managers of doctoral department; foreign researchers are
also involved in lecturing and cooperative research in Kazakhstan.

We would like to make a pointed reference to the active
cooperation with the Lublin University of Technology. Professors
of this university are scientific consultants of KazNTU, among
them 16 are doctoral candidates of KazNTU, 12 are doctoral
candidates of department AaC. The professor of this university
Waldemar Voydzhik has repeatedly came to lecture to master and
doctoral candidates of the department, as well as for
undergraduates and master candidates from other universities
of Kazakhstan. As part of the cooperation agreement, the joint
Kazakh- Polish monograph was published in 2012, and currently
three volumes of articles of Polish, Ukrainian, and Kazakh
scientists is prepared for publishing.

The results of targeted activities on improvement of work
of the department allowed the specialty "Automation and Control"
to get international accreditation in the accreditation agency
ASIIN (Germany). Among the 16 departments training
the specialists in this specialty, our every year takes the 1st place
in the national ranking of educational programs.

Thus, the infrastructure of research activities created in the
department will allow to successfully solving the problems
of integration of education, science, and industrial production, and
the orientation of the educational process to the needs of the
development of innovative enterprises.
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Abstract. The paper features the application of the OPC technology in automated systems. It gives an insight into the considered technology and provides

the prospects of the OPC technology development.
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TECHNOLOGIA OPC JAKO NARZEDZIE INTEGRACJI SYSTEMOW ZAUTOMATYZOWANYCH

Streszczenie. W artykule rozpatrzono mozliwosé zastosowania technologii OPC w systemach zautomatyzowanych. Dokonano przeglgdu tej technologii,

a takze okreslono perspektywy jej rozwoju.

Stowa kluczowe: OPC, system sterowania automatycznego, Component Object Model (COM), system SCADA

Introduction

Software for the modern process automation systems
is becoming more complex and costly. The development of the of
software application sphere requires the use of more and more
advanced tools and technologies. This is especially important
in the development of complex software products that support
different levels of Automated Control Systems (ACS).

A complex integrated system which covers automation at all
business levels from the lowest control using sensors
and actuating mechanisms to the level of company control mainly
consisting of computing aids (personal computers, controllers, and
other intelligent devices). Integration of automated system first
of all means interaction between different software levels.

The ACS integration is aimed at real-time data exchange
between different program systems developed using a variety
of means that are installed on various platforms and operating
on different computers. l.e. they should be aware how to request
and send the required data to each other.

The technology was introduced by a consortium of world-
famous hardware and software producers, such as the Rockwell
Software, Fischer Rosemount along with  Microsoft.
OPC is a communication interface between different sources
of data and software. This technology is based
on the OLE/COM/DCOM architecture by Microsoft company [1].

1. Overview of OPC technology

OPC technology was developed to unify interaction
of hardware and software mechanisms of Automated Control
Systems. Within the frame of this technology the OPC-servers
collect the data from controllers and transfer it to OPC-clients, for
example SCADA-systems. Any OPC-client is able to exchange
the data with any OPC-server independently of characteristics
of equipment a definite OPC-server was developed for.

The main purpose of this technology is to provide software
independence from definite hardware data sources for business
dispatching systems developers.

The OPC-technology is meant to provide business software
developers with a universal interface including a set of functions
for data exchange between any appliances.

OPC was developed to ensure access of a client application
to the lower level of a technological process in the most
convenient form. Wide introduction of OPC technology
in business has the following advantages:

o independence of applying dispatching systems from equipment
used in a definite project;

* no need for modification of product software by its developers
after equipment modification or manufacturing of new products;

o customer freedom to choose between equipment suppliers, as
well as the possibility of integrating this equipment in the enter-

prise information system that covers the whole system of pro-
duction control and logistics.

The basic idea of OPC-technology is that client software
applications could receive data from the definite number
of different sources, for example PLC, intelligent field equipment,
data base management systems, other software, i.e. OPC is applied
not only to data exchange with other hardware, but also
to connection of one application to another [2].

OPC Client

OPC Server OPC Server

OPC Server

e

Fig. 1. Operation principle of Client — Server architecture

S

OPC technology is based on the Microsoft Distributed
Component Object Model (DCOM), and sets requirements for the
classes of data access objects and their specialized interfaces for
use by developers of client and server applications. OPC
technology as a means of interacting with a technical device can
also be used to develop customized programs using C++, Visual
Basic, VBA, or Delphi. The use of OPC in the development
of customized software allows hiding from a developer the
complexity of communication with the hardware, thus presenting
a simple and convenient way to access the hardware via the COM
object interfaces [5].

There are three main ways of obtaining data from an OPC
server by an OPC client: synchronous reading, asynchronous
reading and subscription. At synchronous reading a client sends
a request to the server with a list of variables of interest to him and
waits for the server to execute it. At asynchronous reading a client
sends a request to the server and continues working. When the
server has fulfilled the request the client is notified. In the case
of subscription a client sends to the server a list of the variables
of interest, and the server then sends to the client the information
of the changed variables from his list on a regular basis.
According to the OPC terminology these lists are called groups.
Each client can simultaneously support many groups with
different rates of updating.

artykul recenzowany/revised paper
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The basic unit of data in OPC is a variable. A variable can
be of any type allowed in OLE: various integer and real types,
boolean, string type, date, currency, variant type, etc. Besides,
a variable can be an array.

There is a fairly long list of OPC standards presented in Table
1. The OPC Foundation Consortium tries to cover all aspects
of interaction with manufacturing equipment. Leading
manufacturers of equipment and automation systems take part
in the development of specifications; they try to take into account
their own experience and provide someone who will use the OPC
with absolutely everything he needs.

OPC specification describes two sets of interfaces:

e OPC COM Custom Interface;
e OPC OLE Automation Interface.

COM OPC Custom Interface group of standards describes
the interfaces and procedures of OPC components and objects.
This group of standards is designed primarily for high-level
language software developers [5].

OPC OLE Automation
for software developers

Table 1. List of OPC standards

Interface group s

designed

Name of standard

Designation

OPC Common Definitions and
Interfaces

Common to all OPC Specification
Interfaces

Data Access Custom Interface
Standard

COM interface specification for
operational data exchange

Data Access Automation Interface
Standard

COM interface specification for
operational data exchange,
programming in Visual Basic languages

OPC Batch Custom Interface
Specification

COM interface specification for
hardware configuration

OPC Batch Automation Interface
Specification

COM interface specification for
hardware configuring, programming in
Visual Basic languages

OPC Alarms and Events Custom
Interface Specification

COM interface specification for event
and alarm handling

OPC Alarm and Events Automation
Interface Specification

COM interface specification for
handling events and alarms,
programming in Visual Basic languages

Historical Data Access Custom
Interface Standard

COM interface specification for data
storage

Historical Data Access Automation
Interface Standard

COM interface specification for data
storage, programming in Visual Basic
languages

OPC Security Custom Interface

COM interface specification for

processing data access rights

The applications that implement the abovementioned
standards are called OPC servers. It is the OPC server that
is responsible for receiving data from equipment, its processing
and storage. The applications connected to OPC servers with the
aim of receiving data from them are called OPC clients. An OPC
client may connect to OPC servers supplied by one or several
manufacturers. As follows from Table 1 the standards developed
by OPC Foundation cover almost all the aspects of developing
technological process automation control systems. In practice
software developers implement only some of these specifications.
The most popular are Data Access standard realizations [6].

2. Integration of OPC technology in automation
systems

Figure 2 presents the diagram illustrating possible areas
of OPC-server use in an enterprise automation system. There are
several control levels:

o lower level — field buses and separate controllers;

o middle level — shop networks;

technological process ACS level — SCADA type systems opera-

tion level;

e production ACS level — level of enterprise resources control
applications.

Each of these levels could be serviced by an OPC-server
supplying data to an OPC-client at a higher level.
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An OPC DA server is the most widely used server in industrial
automation. It provides data exchange, recording and reading
between a client program and physical devices. The data consists
of three fields: value, quality and timestamp. The data quality
parameter allows communicating the information about the
measured value exceeding the dynamic range, the lack of data,
communication failure, etc. from a device to client software [3].

Web-client 1 Web-client 2

Web-client N Relational DB

HTTP

Web-server

Client applications Realtime DB

|pcom

Application-server

OPC-server

Controllers

=

Fig. 2. Possible range of use of OPC-servers in enterprise automation systems

There are two standard modes of reading data from an OPC-
server:

e synchronous mode: a client sends a request to a server and waits
for reply;

e asynchronous mode: a client sends a request and switches
to other tasks. After processing the request the server sends no-
tification to the client, and the client receives the provided data.

In each of these modes data can be read either from the OPC-
server cash, or directly from a physical device. Reading from cash
is much faster, but the data can become outdated by the moment
of reading. Thus a server should regularly update the data at the
maximum allowed frequency. To reduce the processor load
a frequency update parameter is used, so frequency may be set
individually for each group of tags. Besides some tags may be
made passive, then their values will not be updated by the data
from a physical device [3, 7].

Recording data into a physical device can be performed
by only two methods: synchronous or asynchronous; and it is
recorded directly into a device without intermediate buffering.
In the synchronous mode the recording function is active until
a physical device provides confirmation of the record completion.
This process could take a good deal of time during which a client
is waiting for the completion of function and is not able to
continue working. In the asynchronous record mode a client sends
data to a server and goes on working. Upon completion
of recording the server will send a corresponding notification
to the client.

An OPC DA server may have a user interface which allows
executing any auxiliary functions that simplify operating
equipment. For example besides data exchange with SCADA an
OPC server allows performing the following useful functions [7]:
o search of equipment connected to an industrial network;

e setting equipment parameters (designation, address, data ex-
change speed, watchdog timer period, control checksum availa-
bility, etc.);

o creating a hierarchical representation of tag names;

e observation of tag values;

o control of OPC server access rights.

In accordance with the standard an OPC server is
automatically registered in the Windows register during
installation.

The server is run similar to any other program or automatically

from a client program.

In perspective open SCADA-programs an OPC interface could
be included either as one of the interfaces for interaction with
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external programs, or as a basis structure of a SCADA-program.
Tools for developing OPC-components could be supplied either
by SCADA program developers or by independent software
manufacturers. Using special software tools
for development of OPC-servers and OPC-clients significantly
simplifies the development of OPC-components, as it proposes
ready OPC-interface implementation.

Examples of systems architecture including OPC-servers and
OPC-clients are provided in Figure 3 and 4. A program in C++
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language, for example SCADA-system, or a program in Visual
Basic, VBA, or Delphi languages supporting the implementation
of COM-objects (Figure 3) could be used as an OPC-client.
A program in C++ language interacts with an OPC-server an OPC
Custom interface, and a program in Visual Basic, VBA, Delphi
languages — through an OPC Automation interface. OPC-servers
and OPC-clients can work only on computers and controllers with
operational systems supporting DCOM technology (for example,
Windows XP and Windows CE) [1, 7].

| Windows OS PC | @)
S —
Program in C++ Program in Visual 2
. . vy
(SCADA) Basic, Delphi %
-
S 5 (%) =
g2 | = 20
M = = -
Automation 375 L 2=
L : = & — “ a5
g 9 interface = = 2
O o F 5 g
+— =
E‘_'- 3 § me—— PLC driver ~
ARSI OPC- : o 9 =
— Server Module driver - 2 D § o=
Server 4 9 3
Sensor driver a = 5
ﬂ: o
=

Fig. 3. Example of interaction of applications and physical devices through an OPC-server on one computer

[ [
Program in VB
[0 ] E)
O 5 SCADA S U CH++, C#
z 2 -~ B Windows OS
(=] ] =}
g g i 8 g Computer
E © OPC-gerver = § OPC-server OPC-gerver
L
»
< >
A 4
RS-232 PLC Input/output RS-232
RS-485 module RS-485
l _ DCON Profibus :.
1 I 1~ 3 | =1
Intelligent In- PLC Intelligent In- PLC
Sensor put/output | sensor put/output
module module
Fig. 4. Example of applying OPC-technology for network access to data in automation systems
OPC UA | |Client query| [Combined| |Client query _J OPC UA
client OPC UA server
(SCADA)| MServer re- chentiand " Server re-
sponse Server sponse
e Posted'notl— | | ‘_Posted‘notlﬁ-_
fication cation

Fig. 5. Example of communication of OPC UA-clients and servers in one application
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OPC-server connects to physical devices in many ways that
are not provided in the standard. A client program and an OPC-
server could be installed on the same computer (Figure 3)
or on different computers of the Ethernet (Figure 4). In case there
are several computers, each of them can have an OPC-server
and physical devices connected to it.

In such a system any OPC-client from any computer is able
to communicate with any OPC-server, including those installed
in other computers of the network. This could be achieved due
to DCOM technology which uses a remote procedure call (RPC).
For example, a SCADA-system (Figure 4) may request
the input/output module data via the path shown by a dashed line.
It should be taken into consideration that computers and
controllers in such architecture are able to operate with different
industrial networks [1, 7].

Except the OPC DA technology there is a more advanced
standard specification for data exchange in industrial automation
systems which is called “OPC Unified Architecture”.
It is considered a new generation of the OPC technology. The
OPC UA sets message exchange methods between an OPC server
and a client which do not depend on a hardware/software
platform, as well as on the type of interacting networks
and systems. A system based on the OPC UA may contain
a lot of clients and servers. Each client can work with several
servers simultaneously. Each server can serve several clients. User
applications, for example a SCADA-system could create
combined client and server groups for retranslating messages they
are exchanging with other clients and servers as shown
in Figure 5. An application software program, for example
a SCADA system [3, 4] becomes a client during interaction with
an OPC server.

3. Conclusion

As of today OPC is a perspective technology for integration
of hardware and software in automation systems. The OPC
proposes standards for exchange of process data with substantial
opportunities. But there is still a lot of equipment and software
which are not covered by OPC-technologies. However, Microsoft
Corporation does not provide COM/DCOM anymore, these
technologies have been replaced by more advanced, for example
NET. Yet only OPC DA standard is widely used. Nowadays a lot
of manufacturers equip their products with OPC DA servers. The
OPC HDA standard has been effectively developed recently, still
other specifications have not made such progress. The more
advanced OPC UA technology is a promising direction.

OPC technology is a powerful and unified tool. It has made
substantial contribution to standardization of embedded systems
interacting with computers. A lot of modern developers
successfully apply it in the development of technical systems.
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DEVELOPMENT OF SIMULATION MODEL OF STRIP
PULL SELF-REGULATION SYSTEM IN DYNAMIC MODES
IN A CONTINUOUS HOT GALVANIZING LINE

Olessya Yuchshenko', Waldemar Wéjcik®

!K.I. Satpayev Kazakh National Technical University, Institute of Information and Communication Technologies, Lublin University of Technology, Faculty of Electrical

Engineering and Computer Science

Abstract. The paper deals with the peculiarities of development of simulation model of strip pull self-regulation system in a continuous hot galvanizing

line. The results of simulation modelling are provided.

Keywords: continuous hot galvanizing line, control system, dynamic mode

EWOLUCJA MODELU SYMULACYJNEGO SYSTEMU SAMOREGULACJI NAPREZENIA TASMY
W TRYBIE DYNAMICZNYM W LINII CIAGLEGO CYNKOWANIA NA GORACO

Streszczenie. W artykule rozpatrzono cechy szczegélne konstruowania modelu symulacyjnego systemu regulacji naprezenia tasmy w linii cigglej

cynkowania na gorqco. Przedstawiono wyniki badan symulacyjnych.

Stowa kluczowe: linia do ciaglej galwanizacji na goraco, system sterowania, tryb dynamiczny

Introduction

A continuous hot galvanizing line (CHGL) is a complex
electromechanical system, the functioning reliability and quality
of which depends on physical and mechanical properties of the
treated metal strip and work modes of a multimotor drive
interrelated through the strip.

When the line head end is stopped for the metal strip coil
change and welding of the strip ends, the unit’s middle
technological part continues movement at the operating speed
as the strip is being pulled from the vertical looper. At this time
the dynamic processes leading to longitudinal vibrations
in the treated strip occur. As a result, the so-called “riffles” are
formed in the treated strip during treatment in the thermochemical
treatment (TCT) furnace under the effect of high temperature that
leads to rejection of the material.

1. Development of simulation model

On CHGL there were held experiments on definition
of dynamic properties of the treated metal strip [9].

For strip pull stabilization in the furnace during the stopping
of the line head end it is offered mounting of a roller working
in the torque mode before the TCT furnace. A lower roller of the
Pulling Station 2 (the active roller) will be used for this purpose.
During the movement of the looper car the roller will make
progressive motion against the strip movement, thereby creating
additional pull in the strip. The error ratio of the effective
and preset pulls will be applied to the motor shaft of this roller as a
static resistance moment.

The resistance moments of the Pulling Station 2 motor
actuators are described by the equations [2]:
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where M, M are upper and lower rollers’ resistance moments,
Nm; Fs¢ is the pulling capacity in the strip, N; Fy is the friction
force, N; rs and rg are the upper and lower rollers’ radii; is and ig
are the upper and lower rollers’ gear reduction rates; a is the
dissipation factor which characterizes natural vibrations damping
process in the system, N-m-s; ns and ng are the upper and lower
roller motors’ speed of rotation, r/min; Keq is the reduction factor
that takes into consideration the reduction of the neighbouring
interrelating masses to one shaft; F, F; are the pulling capacities
in the strip in the looper and in the work site of the TCT furnace
relatively, Nm.

The force which the active roller will act with on the treated
strip is defined from the equation [6]:

o mdv ’ )
"oodt
where m is the active roller mass, kg; v is the active roller linear
speed; d/dt is the differentiation operator.
A static moment given by the strip to the pinch station 2
rollers during the movement of the active roller is defined by the
formula [4]:

r
M, = i F ®

where r is the radius of the active roller block; i is gear reduction
rate.

Based on the progressive motion of the active roller
the equations (1) will take on the form [10]:
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where Mgqq is the moment transferred to the strip by the active
roller’s progressive motion.

The static moment transferred by the strip will influence
the motor shaft of the lower roll of the TCT furnace at the active
roller’s progressive motion [1].

The equation of the resistance moment of the lower roller
of the furnace treatment site will be as follows [5]:
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where F;g is pull capacity taking place between the two
interrelating masses of the TCT furnace rollers, N; F¢ is the
friction force, N; r; g is the lower roller (reduction) radius, m; ig is
the gear reduction rate; a is the dissipation factor that characterizes
natural vibrations damping process in the system N-m-s; ng is the
lower roller’s speed of rotation, r/min; K is the reduction factor
that takes into consideration the reduction of the neighbouring
interrelating masses to one shaft; Fg is the pulling capacity in the
strip in the Pulling Station 2; M,y is the static resistance moment
transferred by the strip at the active roller’s progressive moment.

The structural flowcharts of mathematical models
of the Pulling Station 2 and the TCT furnace treatment site with
consideration of introduction of the active roller’s influence are
given in Figures 1, 2 [3].

artykut recenzowany/revised paper

IAPGOS, 2014, nr 1, 11-13



12 IAPGOS 1/2014 ISSN 2083-0157

Active roll’s
motor

Active rell’s
motor

El

e

Epr  Derivativel

Drrigatel

(3 )Frl
Fig. 3. The simulation model of the Pulling Station 2 motor actuator
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Fig. 4. The oscillograms of pulling capacities in the strip before the introduction of the active roller’s action
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Fig. 5. The oscillograms of pulling capacities in the strip after the introduction of the active roller’s action

By the received structural flowcharts in the Simuling package
of the MATLAB 7 system there were built simulation models
of the mechanisms of CHGL motor actuators with consideration
of the active roller motion [8]. The simulation model of the
Pulling Station 2 motor actuator is given in Figure 3.

The input values in the model are: the voltage supplied to the
stator winding of the active roller’s motor; the rotation frequencies
of the motors of the Pulling Station 2 upper and lower rollers; the
static resistance moment applied to the active roller’s motor shaft
formed by difference of signals of the effective F and preset F,;
pulls. The output values are the resistance moments of the Pulling
Station 2 upper and lower rollers. The active roller’s motor
is represented by the “Dvigatel” subsystem [7].

The oscillograms of the pulling capacities in the strip in the
TCT furnace before the introduction of the active roller action and
after it are given in Figures 4, 5.

The oscillograms display (from top to bottom relatively) the
signals of the pull capacities of the Pulling Station 2 at the strip
treatment site in the TCT furnace and at the site of the furnace
with pullers.

2. Results

The analysis of the oscillograms shows that after introduction
of the active roller’s action the amplitude of pull capacities
vibrations reduced by 85%. The amplitude of the low-frequency
component of pulling capacity vibrations in the strip makes up
0,3 kN, that is a norm. There is observed an increase of the
low-frequency component in the end of the process of pulling the
strip from the looper by 45%. It is connected with the increase of
the strip pull in the looper in connection with the reduction of its
length. As the high-frequency component does not take part in the
process of folding, so we neglect its amplitude change.

3. Conclusion

Therefore, the developed mathematical and simulation models
adequately reflect the processes in the treated strip in dynamic
modes.

References

[1] Alekseev V.V., Kozyaruk A.E., Zagrivny E.A.. Electrical Machines.
Simulation of electrical machines drives of mining equipment. Textbook. St.
Petersburg State Mining Institute (Technical University). St. Petersburg, 2006.

[2] Dubrovsky E.: The control system of technological parameters on casting
plants Revdinskogo plant for processing non-ferrous metals. Modern
automation technology, No. 1. Moscow, 2007, p. 12-18.

[3] Dyakonov V.: Simulink 5/6/7: Teach-yourself book. M., 2008.

[4] Limonov L.G.: Automatic electric drive of the industrial machinery.
Karaganda, 2009.

[5] Yuchshenko O., Wojcik W.: Development of electromechanical system
of a vertical collector of permanent hot zinc-playing line. Informatyka
automatyka promiary (Informatics Control Measurement in Economy and
Environment Protection, IAPgos.) No. 03/2012, p. 5-7.

[6] Sivyakova G.A.: The interconnected electric drive of the permanent annealing
unit. Abstract dissertation for the degree of candidate of technical sciences:
6/2/2007. Almaty, AIEC, 2007.

[7] Svetlichnyi A., Leykovsky K.: Information and control systems in the industry.
Modern automation technology, No. 3, Moscow, 2006, p.18-26.

[8] Vydrin V.N., Fedosienko A.S.: Automation of rolling mills. Moscow:
Metallurgy, 1984.

[9] Yuchshenko O.A.: Experimental investigations of tension in the electro-
chemical heat treatment furnace system. Proceedings of the University. 4/2008.
Karaganda, Kazakhstan, p. 77-79.

[10] Yuchshenko O.A.: Mathematical models of the electromechanical system of
permanent hot zinc-planting line. Proceedings of the University. 3/2010.
Karaganda, Kazakhstan, p. 87-89.

M.Sc. Olessya A. Yuchshenko
e-mail: olessyayuchenko@hotmail.com

Olessya A. Yuchshenko conducts research in the field
of electric drives of continuous process lines. She has
11 research publications. She is a first-year doctoral
student of the PhD doctor’s department of Kazakh
National Technical University in “Automation and
Control”. The theme of her work is “The research and
development of the automatic stabilization of the
metal tension in coil in the units of hot zinc plating”.

Prof. Waldemar Wéjcik
e-mail: waldemar.wojcik@pollub.pl

Prof. Waldemar Wojcik - Director of Institute
of Electronics and Information Technology at Lublin
University of Technology. His research interests
include electronics, automatics, advanced control
techniques and the optimization of the industrial
processes. He is an author or coauthor more than 400
publications.

otrzymano/received: 28.09.2013 przyjeto do druku/accepted: 12.02.2014



14 IAPGOS 1/2014

ISSN 2083-0157

DOI: 10.5604/20830157.1093186
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Abstract. The paper investigates the optimal control system of diesel automotive engineering with application of complex criteria, depending on fuel
consumption rate and travel time, with adjustable coefficients of physical process mathematical model, considering influence of disturbing effects factors.
This control principle allows saving fuel consumption rate, reducing transport influence on environment, and also reducing the importance of human
factor for motor transport control.
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SYSTEM AUTOMATYCZNEGO ZARZADZANIA ZESPOLEM SAMOCHODOW
Z SILNIKAMI DIESLA NA PRZYKLADZIE TRANSPORTU
SAMOCHODOWEGO W KAMIENIOLOMACH

Streszczenie. W artykule zostalo rozpatrzone optymalne sterowanie procesem przemieszczania pojazdow z zastosowaniem zlozonego kryterium, zaleznego
od zuzycia paliwa i czasu przejazdu, ze zmiennymi wspolczynnikami modelu matematycznego fizycznego procesu, uwzgledniajgc wplyw czynnikow
zaktocajqcych. Otrzymany system sterowania pozwala na oszczedne zuzycie paliwa, zmniejszenie wplywu transportu na srodowisko i obnizenie wplyw

czynnika ludzkiego na zarzqdzanie transportem samochodowym.

Stowa kluczowe: sterowanie optymalne, zuzycie paliwa, transport samochodowy w kamieniolomach, zarzadzanie transportem samochodowym, ocena stanu technicznego

Introduction

Transport Strategy of Republic of Kazakhstan (hereinafter —
the Strategy) approved in Kazakhstan up to 2015 [1] has a federal
value and was stated in “Kazakhstan at the threshold of the new
breakthrough in its development”, the Message of the President
of the Republic of Kazakhstan to the People of Kazakhstan dated
March 1, 2006. The Strategy was developed by the Ministry
of Transport and Communication of the Republic of Kazakhstan.
The target of the Strategy is “Faster growth of transport
and communication complex able to fully satisfy requirements
of economy and population in transportation services”. The basic
strategic missions and principles are as follows:

o achievement of highest efficiency of transportation processes
and reduction of transport component share in finished goods
price for internal, transit, and export-import communication;

e competitive recovery of Kazakhstan transportation system at the
cost of innovative technologies and clustered development of
infrastructure;

e providing safety for transportation processes, reducing
the number and severity of transport accidents; providing
ecological safety and rational utilization of energy resources.

1. Background literature overview

An automobile is one of the most popular means of transport
in the structure of the transportation cycle used at development
of deposits [9, 11]. Development of mining operations
and increasing of open pit depths leads to increasing of mine rock
transportation amount, which at the same time causes
the deterioration of road conditions and affects the cost-
performance indicators of rock mass transportation [1]. Besides
that, the ecological situation due to exploitation of diesel trucks
accompanied by emissions of toxic substances into the atmosphere
also takes a turn for the worse [13].

Analysis of data processing results [6] with regard
to reliability of open pit motor transport at the enterprises
of mining industry shows that about 32% of all failures
are accounted for the engine and its systems. The main causes are
both increasing of automobile run and corresponding deteriorated
technical conditions (ageing, wearing of friction parts, etc.), and
also deficiencies in operation of maintenance team supporting its
working efficiency.

Besides different emergencies often occur during mining
operations [14], they could be conditionally split into four basic
groups: poor technical mine and road conditions, violation
of traffic rules, inefficient organization of motor transport
performance, technical failures of dump trucks. In addition,
as statistics analysis shows [14], about 20% of drivers causing
accidents, were the 1% category drivers, more than one third were
the 2™ category drivers, and almost 50% were the 3 category
drivers. This clearly points to the need to improve skills of drivers.
A lot of accidents also occur at the night shift, which is related
to higher stress of drivers and influences their working efficiency
due to over-fatigue. After increasing the capacity and sizes
of open pit motor transport, and also complication of transport
communication the matter of accident free traffic became one
of top priorities.

Besides, it is also required to provide not only safe traffic
of the motor transport, but also its optimal operating mode with
regard to fuel consumption and travelling speed [5, 14]. Optimal
control of motor transport traffic should be provided by the driver,
but it is not always possible due to human factors, such
as qualifications, fatigue, inattention etc.

2. Goal and problem setting

The aim of this research is based on the performed analysis,
the aims and objectives of the Strategy. The research is targeted
at improvement of open pit motor transport working efficiency
in the process of its exploitation. The overall goal of work is the
reduction of human factor influence on trucks driving in the
process of their exploitation in the mining sphere. The set goal can
be achieved by solution of the following problem: development
of mathematical model and optimal control system for diesel
automotive engineering in the process of exploitation.

3. The procedure

Developed system realizes optimal control with an application
of improved physical process model. It consists of three levels:
I — upper, Il — middle, and 11l — lower (Figure 1). The upper level
keeps truck parameters and traffic route information. The middle
level performs search of optimal crank shaft rotations (CS), fuel
injection advance angle (FIAA) and gear in accordance with
preset efficiency criteria. The lower level performs automated
control of fuel rack supporting minimum rotations at each section
of a traffic route.
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Let us examine the control system structure in details.
Upper Level I consists of the following structural blocks:

e Block 1 has the following preset parameters for each type
of truck: minimum rotation speed of CS n i and maximum
rotation speed of CS ne may; Weight of truck G,; transmission
efficiency factor ng; k — air resistance coefficient; F — truck
front surface; r, — driving wheel radius; i, — drive ratio
of gearbox (GB) etc.;

o Block 11keeps the mathematical model of truck and engine;

e Block 12 performs specification of model parameters based
on measuring results;

o Block 13 implements the target function of optimal control;

e Block 14 keeps the route memory, including minimum 193 min

and maximum Qamax travel speed at different sections

of traffic routes. The speed limit is set in accordance with traffic
safety according to the traffic rules and road conditions. Besides
there is a road resistance coefficient y for each section of route
in this block. A skilled driver (expert) can correct travel speed
without exceeding the preset range. In such case corrections in
the block 14 are required.
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Fig. 1. Block scheme of an optimal control system

Middle Level 11 consists of the following structural blocks:

e in Block 2 adjustment of optimal control equations coefficients
is performed,

e Block 3 is designed for numerical solution of optimal control
equations;

o in Block 4 the calculated optimal variables are transferred;

o in Block 7 adjusted model coefficients are recorded;

e in Block 8 calculation of deviations of optimal values from
current measured value is performed;

e in Block 9 comparison of calculated deviation in the block 8
with preset maximum deviation along with the calculation
of percentage is performed, which is the validation of fuel
equipment (FE) technical conditions;

e in Block 10 conclusions on the validation of FE technical
conditions as per one parameter are made.

Lower Level Il consists of structural Block 5 — control block
regulating magnitudes of variables at the outlet of a control object
(Block 6) calculated in Block 4.

To perform computer modeling a control object’s
mathematical model is used as a control object (block 6). After the
system is introduced in site, its mathematical model is replaced by
a real truck.

A mathematical model of a control object represents both
a model of a diesel combustion engine (CE) and a truck model as
a whole.

The mathematical model of a diesel engine in the form
of a control object regarding rotation speed of CS n, from rack
sghift h and load N (and also from resistant moment coefficients
Kq and drive torque Kgy) is given in the following equation [5, 7]:

15
¢))

o K h-Kg, N
*T T,-p+l
Dependence of the truck travel speed from CS rotation speed
and drive ratio of GB [2]:
9, =0377. 1M )
I 1o
where 1, — driving wheel radius; n, — CS rotation speed; i, — drive
ratio of GB; i, — drive ratio of main gear; 0,377 — speed
conversion factor in km/h.
The mathematical model of truck fuel consumption
could be determined basing on the following equation [4]:

9, (G, -y +0,077-k-F-9?)
0’36’105’77Tp'p'r

o, ®

where g, — specific fuel consumption; G, — estimated truck
weight; w — road resistance coefficient; k — air resistance

coefficient; F — truck front surface; Ba — truck speed;

1mp — transmission performance coefficient; p, — fuel density;

Equation (3) is approximate, because the following variables
were not considered: rack moving, drive ratio of GB and main
gear, wheel radius and engine load. To eliminate these violations,
using (1) and (2) on the basis of (3), and as a result
of corresponding re-expressions we obtain an improved
mathematical model of fuel consumption rate considering above
mentioned variables:

2
g, G, w-i?-i2+0011-k-F-r?. Ko -h=Kg, -N
Ty-p+1 )

Q, =

0,36-10° -1y - p-i2 -2

where Q, — fuel consumption; r, — driving wheel radius; i, — drive
ratio of GB; i, — drive ratio of main gear; N — engine load; h — rack
moving; g. — specific fuel consumption; G, — truck designed
weight; y — road resistance coefficient; k — air resistance
coefficient; F — truck front surface; transmission
performance coefficient; p — fuel density.

Based on (1, 2, 4) the simulation modeling of dependences
of fuel consumption (Q,), CS rotation speed (n), and truck travel
speed (.4,) on the time in the case of fixed fuel rack and gear were

e —

performed. The results are given in Figure 2.

Development of an optimal control system.

The optimal control system includes a mathematical model
of a control object physical process, the selection of a target
function and limitation for control and controlled variables.

We develop a mathematical model of a diesel engine and truck
fuel consumption in the process of their exploitation.

The fuel consumption could be determined by the following
formula [10]:

Q __ 9N, )
° 10000 9, - p

where ¢, — specific fuel consumption kg/(h.p.-h); N, — applied
engine effective power; Sa — travel speed; p — fuel density.
Engine brake power is determined by the formula [4]:

N, =G, v-& +0077-k-F- 9 (6)
where: G, — truck weight;
y — total road resistance [3];
k°F — truck wind shape factor [4].

Considering transmission performance coefficient the formula
(6) will take the following form:

O]

N =Ga~l//~Va+0,077~k~F~-9:
e
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Fig. 2. Modeling results

If an engine is operating in conditions of variation of FIAA
values and CS rotation speed, the fuel specific consumption
changes, which can be seen on the full-load curve [3, 4, 5, 10, 12].
The dependence of fuel specific consumption is usually
represented either for different CS rotation speed, or for different
FIAA and definite CS rotation speed. Approximating the values
by complete quadric polynomial with the help of Curve Expert Pro
software, we can make a diagram (Figure 3) of the interpolation
dependence of fuel specific consumption on CS rotation speed
and FIAA. It allows calculating specific consumption against any
of their values:

g,=a+b-n,+c-p+d-nt+e-p*+f-n, - (C)]

where a, b, ¢, d, e, f are coefficients whose values depend
on the engine type; ¢ — FIAA; n, — CS rotation speed.

Based on dependence of truck fuel consumption (5), effective
power (7), truck travel speed (2), and also dependence of fuel
specific consumption (8) we obtained the mathematical model
of fuel consumption:

Q, =G"‘7hw(a+b~ne+c-¢+d~n§+e-¢)2+ fon, p)+
10000-7,,, - p 9)
0,077 -k -F -r2

(@a+b-ng+c-p+d-nZ+e-p®+f-n, -p)n?

100007,,, - p- (iy -io)*

Dependence (9) represents the dependence of fuel
consumption on FIAA and CS rotation speed, drive ratio of GB,
truck weight, road conditions, and other parameters.

The next stage of optimal control system development lies
in selection of the target function (optimality criterion).
Optimization is performed based on the minimum fuel
consumption and minimum time of transportation. At that these
parameters are mutually exclusive, i.e. minimum transportation
time is achieved at minimum fuel consumption and vice versa.
Based on uniqueness principle [8], the optimality criterion will be
a linear combination of two targeted functions:

1. minimum fuel consumption criterion Qy=f(n,,¢)=min;

2. minimum travelling time criterion t=f( 19a )=min.
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Fig. 3. Dependence of fuel specific consumption on FIAA and CS rotation speed

After combining of these criteria the following criterion could
be obtained:

Cf=p,-Q,+p,-t (10)

Where p; and p, — weight of optimal criteria importance.
We assume p;+p,=1.
The minimum travelling time is achieved by the increase
of travelling speed.
So, optimal control could be represented as an optimization
problem:
Cf = p,-Q, +(A- P+ =min ()

a

when the following conditions are satisfied:

1. Mathematical model of fuel consumption is represented
by dependence (9);

2. Mathematical model of truck travelling speed is given
by dependence (2); and following limitations:

°
Nemin <Ne <MNgpmax ’

° P rin <p< P rrex

In the process of solving the assigned task we will obtain
the optimal values of FIAA and CS rotation speed at a definite
gear. In the picture 4 the example of dependence of targeted
function on CS rotation speed at FIAA fixed value ¢, and weight
of importance p, for different gears iy is given.

'y ct
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Fig. 4. Dependence of targeted function on FIAA values, CS rotation speed,
and definite gear

As we see from the picture 1, optimal control system allows
evaluating of diesel engine fuel equipment technical condition
(blocks 8, 9, 10). In the process of motor transport exploitation
the wearing of fuel equipment spare parts occurs, causing
deviation of parameters from normal values. By way of evaluating
of these deviations, the wear rate of fuel equipment
could be determined. FIAA was selected for such an evaluation.



ISSN 2083-0157

Evaluation of fuel equipment condition is performed based
on the following formula:

(/70pt ~ Dizm
AP

(12)

Z= -100%

where Z — evaluation of fuel equipment technical condition,

Popt — Optimal value of FIAA,

0izm — Measured values of FIAA,

A@max — maximum allowed deviation of FIAA from the nominal
value.

4. Conclusions

So developed optimal control system allows automating
of motor transport control process in accordance with optimality
criterion, thus allowing not only reducing of human factor
influence for the process of motor transport driving, but also
reducing of fuel consumption, not only reducing the negative
influence of motor transport for environment, but also performing
approximate evaluation of fuel equipment technical condition
of truck diesel engine.
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DEFINITION OF THE OBJECTS OF MULTIVARIABLE CONTROL
OF TECHNOLOGICAL PROCESS OF SMELTING INDUSTRY
ON THE BASIS OF OPTIMIZATION MODEL

Shamil Koshymbaev', Zhibek Shegebaeva®, Waldemar Wéjcik?

!K.I. Satpayev Kazakh National Technical University. Institute of Information and Communication Technologies, 2Lublin University of Technology, Faculty of Electrical

Engineering and Computer Science

Abstract. This article analyzes work of metallurgical shop as a complex control object. It also includes description of copper complex and synthesizes
three-level structure of control system. Technical and economical indexes and also control object are defined in this article.

Keywords: metallurgical plant, copper, matte, management tasks

DEFINICJA OBIEKTOW WIELOWYMIAROWEGO STEROWANIA PROCESAMI
TECHNOLOGICZNYMI W HUTNICTWIE NA PODSTAWIE MODELU OPTYMALIZACJI

Streszczenie: W artykule przedstawiono analize pracy przemystu metalurgicznego rozpatrywanego jako ztozony obiekt sterowania. Opisano kompleks
hutniczy i syntetyzowang trojwarstwowq strukture systemu sterowania. Okreslono wskazniki techniczno-ekonomiczne i sformutowano zadania sterowania.

Stowa kluczowe: zaktad metalurgiczny, miedz, matowe szkto, zadanie sterowania
Introduction

Metallurgical shop includes production areas, designed
for electric smelting of copper concentrates, matter conversion and
fire refining of blister copper.

Raw material input is copper-bearing stock, including
granules, recyclable materials and feed-adjusting mixture
(limestone and pyritic concentrate). Stock is fed in twin furnaces
and melts by the heat, released in slag path. Melted material

is divided into matte and waste slag during settling. While
accumulation slag is fed from the process are into disposal area
and matte is sent to converting area for further recycling.

This process includes removal of sulphur from matter
and coverts it into gases as SO,. Iron is scorified. To create
necessary slag adjustment silicious ore(flux metal) is loaded into
convertors. Process scheme and interrelation between tasks is
shown on Figure 1.
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Fig. 1. Process scheme and task interrelation
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Converting process refers to the class of discrete-continuous,
cyclic, multi-stage processes and is characterized by autogenic
operation with heat release. The latter allows additional recycling
of cold materials (matte skins). Products of convertor smelting are
blister copper, converted slag, released gases and dust. Converted
slag is returned back to electric furnaces for copper extraction and
gases are fed for production of sulphuric acid after their cleaning
from dust [5].

Blister copper is subject to fire refining in anodic furnaces.
Solid blister copper, anodic residuals, defective anodes and copper
scrap are also loaded into anodic furnace. Process of fire refining
refers to the class of discrete-continuous, cyclic, multi-phase
processes. Smelting product, refined (anodic) copper is sent
to electrolysis department in the form of anodes and anode slag
is loaded into converters.

Considered copper-smelting complex is characterized
by a number of peculiarities as control object, namely:

a) Discrete-continuous nature of production. Thus manufacturing
chain includes discrete, periodic process (converting and fire
refining) along with continuous processes (smelt furnaces).

b) Series parallel structure with technological cross (between
parallel flows) and reverse relations in the system that
complicates coordination of work of adjacent departments and
strengthen interconnections between them.

c) Large tonnage, high power consumption and considerable
length of production chains, resulting in large dynamic
and transport delays. Thus, in accordance with results of
studies, delay in terms of stock-matte channel is 6-7 hours and
8-9 hours in terms of stock-slag channel.

d) Broad range and high level of external and internal
disturbances that result in random nature of processes
and different degrees of uncertainty at different time intervals.
It is conditioned by considerable fluctuations in characteristics
of feed streams and industrial products, drift of characteristics
of process scheme aggregates etc.

1. Decomposition of task

Synthesis of the structure of shop control tasks uses
decomposition approach to arrangement of control system
structure. Decomposition of general task model, allowing
its splitting into several hierarchically interconnected submodels,
is realized in accordance with principle of space-time
decomposition by multiple areas (aggregates) and multiple time
intervals, considering dynamic properties of control objects and
frequency characteristics of disturbing effects. Thus we obtain
hierarchical multi-level structure of control tasks.

4(> Management personvel

\ Production control and

MES — planning system
technolog)

Y, Optimization methods ,
General date base/ Process s —© optimization parameters,
optimizatiom tasks
Tec/rmo T — = PCS technologies and
& aggregates
systems
Local
automatics

Instrumentation
and control

Fig. 2. Levels of control of copper smelting department

The upper level deals with tasks of operational control
of copper-smelting complex of metallurgical plant, composed
of the following subtasks: distribution of loads between electric
furnaces, creation of plan-schedule for converter and anode
departments. The main aim of subtasks at this level
is specification of daily plan, generated by MES technology
system and divided up to aggregate tasks [10].
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Results of solution of upper level tasks determine
requirements to the second level, i.e. control over separate
processes and aggregates (Electric smelting, converting and
anodal smelting).

Lower level of control structure is represented by the tasks
of stabilization of electric melting condition and control
of converting level during blowing [7].

2. Technical and economical nature and definition
of control tasks

Metallurgical plant operational control subsystem

Arrangement of rhythmical and coordinated operation of the
areas and aggregates of metallurgical plant should be ensured
by technological process operational control system that forms and
realizes plan-schedule of the plant.

Daily plan-schedule of metallurgical plant defines distribution
of loads between electric furnaces, distribution of matte between
other converters, beginning and completion of converter melting,
distribution of blister copper between separate anodic melting
processes, beginning and completion of anodic melting. Plan-
schedule should ensure qualitative and quantitative execution
of daily plan on production of matte, blister and anodic copper,
determined by production planning and control system (MES
technologies). The task of plan-schedule is reduced to the task
of discrete programming of high dimension. Due to this act there
is a need in decomposition of above-mentioned task. As a result
of decomposition the solution of the task relating to creation
of optimal plan-schedule of metallurgical plant is reduced
to solution of the following subtasks:

e Planning of optimal plan-schedule of anodic department,
ensuring smooth operation of production area.

e Planning of optimal plan-schedule of converter department,
ensuring smooth operation of production area and execution
of daily plan on production of blister copper and recycling of
cool materials;

o Optimal distribution of material flows between electric furnaces
and determination of chemical composition of feed-adjusting
mixture, minimizing relative losses of copper in electric furnace
department [8].

Electric smelting process control subsystem

Task on control of process conditions of electric smelting,
considering specifics of stock preparation area (availability
of pile) is split into two tasks, to be solved in different time
intervals.

Chemical composition of stock is determined by ratio
and chemical composition of material flows, entering electrical
furnace (granules, limestone, pyrites etc.). The main role is taken
by chemical composition of granules (it accounts for 70-80%
of stock weight), which is realized in stockyard through mixing
of Zhezkazgan and pyritic concentrates, limestone and other
materials. Random fluctuations in composition of granules takes
place during production of piles (46 days) and chemical
composition of granules considerably deviates (2-4%) from
average optimal value, determined for pile, in short intervals
of control (shift) [4].

Due to above-mentioned, the task of control of electric
welding process condition is split into two tasks, to be solved
in different time intervals:

Determination of the optimal composition of pile in time
interval of its filling (4-6 days);

Operational (during shift) distribution of lows between
furnaces, determining current optimal granular flow, feed-
adjustment mixture and its chemical compositions [9].

The task on optimization of chemical composition of pile can
be formulated in the following way: to determine chemical
composition of pile that minimizes losses of copper with waste
slag of electric furnace department, considering limits
of qualitative values of smelting products, i.e. matte and slag.

Solve the task on the basis of mathematical model of complex
"stock- blister copper" [2].
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Task on control of power mode of electric furnace can
be formulated in the following way: considering set (current) flow
values and chemical composition of stock, determine electrode
burial depth (conductivity under electrodes), minimizing rated
power consumption at smelting rate limits, losses of copper with
waste slag, total capacity of furnace, phase voltage, height of slag
and matte baths and also electrode burial depth in melted slag.

3. Converting process control subsystem

Availability of inverse relation of the process through
convertor slag considerably effects technical and economical
values of production in general. Thus, total copper extraction
in metallurgical plant considerably depends on amount of copper
in recycled material ( converted slag). Concentration of copper
in slag mainly depends on concentration of copper in converted
mass, siliceous slag and its temperature [1].

Melt temperature during smelting procedure depends
on enrichment degree of mass in every blasting and also value
of blast rate during blasting procedure. Necessity in obtaining
of set volume of copper per melting procedure and coordinated
operation of processing units determine need in control (planning
of plan-schedule) of sequence of converter blasting procedures
with determination of their duration, number and consumption
of recycled materials per every blasting procedure.

In accordance of above-mentioned we point out solution
of two interrelated tasks: control of the process during blasting and
control of converter smelting [3].

Task on control of converting process can be formulated in the
following way: basing on current state of the process
it is necessary to make decision on continuation or ceasing
of blasting procedure. If blasting procedure, determined
by process and structural limits, is continued, it is necessary
to determine blast and ore flow in current control interval that
should be optimal in terms of criteria, considering deviations from
set values of blast flow, melt temperature and content of silica in
slag. The task on control of converter smelting can be formulated
in the following way: to determine plan-schedule of converter
smelting that fixes duration of blasting, amount of matte, ore and
average blast flow per every blasting procedure that should
be optimal in terms of criteria, considering amount of copper
in convertor slag, deviations from set values of melt temperature
and concentration of silica in slag [6].

4. Conclusion

Tasks on control of metallurgical complex and separate
technologies, formulated above, are included into requirements
specification of ACS of copper plant JSC "Kazakhmys".
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SYNTHESIS OF MANIPULATION ROBOT PROGRAM TRAJECTORIES
WITH CONSTRAINTS IN THE FORM OF OBSTACLES

Muhit Baybatshaev, Akambay Beysembaev

K. Satpaev Kazakh National Technical University

Abstract. The paper presents a method of synthesis of manipulation robot motion trajectory according to mobility degrees. The configuration
of the manipulator parts and obstacles are approximated by semiinfinite spaces limited by planes. The fact of robot collision with obstacles is reduced
to the problem of determining the compatibility of systems of linear inequalities. The authors developed an algorithm for solving the problem based
on dynamic programming method.

Keywords: robot trajectory, the degree of mobility, the manipulator

SYNTEZA TRAJEKTORII PROGRAMOWYCH ROBOTA MANIPULACYJNEGO PRZY
OGRANICZENIACH W POSTACI PRZESZKOD

Streszczenie. Przedstawiono metodg syntezy trajektorii ruchu robota manipulacyjnego wg stopni swobody. Konfiguracja potozenia robota i przeszkéd jest
przyblizona pélprzestrzeniq ograniczong plaszczyznami. Fakt zderzenia robota z przeszkodami ograniczono do problemu okreslenia zgodnosci systemow

nierownosci liniowych. Opracowano algorytm rozwiqzywania zadan na podstawie metody programowania dynamicznego.

Stowa kluczowe: trajektoria robota, stopnie swobody, manipulator
Introduction

In general, a manipulation robot is an open-loop kinematic
system consisting of elements and linkage joints connecting them
in series [5]. Geometric dimensions of elements, type of joints and
range of their movements set the workspace at any point of which
a robot gripper can be positioned. The type of joint is determined
by structural features and capabilities of manipulation robot
actuators. As a rule, they represent Grade 5 kinematic pairs,
and can be set by logical variables p :

1, in case of translatory movement, @
0, in case of rotary movement

The variable determining the position and orientation of the
gripper within the workspace are the values of generalized
coordinates g, i=1.2,...n, according to robot degrees

of mobility, where n is the number of degrees of mobility.

1. Methodology for objects formal description

The problem of synthesis of program robot trajectories
is to determine the values of generalized coordinates by mobility
degrees providing moving the gripper along the predetermined
trajectory with a given accuracy, if the conditions of mutual non-
collisions of elements with each other and with barriers
in technological space, i.e. in the space where they can move
while the robot performs processing operations. Since a robot
consists of a body and elements representing geometric objects
moving in technological space containing obstacles also
representing geometric objects, it is necessary to develop
a technique of their formalized description. For this purpose
a manipulator robot is represented as a complex geometric object
consisting of a number of geometric subobjects: a fixed base and
movable elements, element 2, ..., element n, the position of each
of which is determined by the values of the generalized
coordinates. Each subobject is described as logical expressions

Rb(X,y,Z)x Rll(xl yvzlql)’ RIZ(X’ yrz!qllqz)‘ ""
R"(X,Y,2,0;,0;,-,0,) which are respectively: the basis,

element 1, element 2,..., element n. Obstacles existing in the
technology space are also represented as a number of fixed
geometric objects that are described in the form of logical

expressions: R} (X,Y,2). RX(x,y,2) . R} (X,Y,2), respectively,
where m is the number of obstacles.

The logical function describing a geometric object has the
following form [4]:

R(X,y,2) = RLR,L..LR, =1, )
Ry (=12,..N) are the logical variables defined
by the following expression:
|1 B(x,y,2) <0,
* )0, otherwise.
where B, (X, y,2) <0 is the inequality  setting

or approximating the k part of the edge of a geometrical object;
N is the number of inequalities; L — the signs of logical operations
of conjunction, disjunction or negation. We approximate the given
trajectory of the gripper by a set of points Iy (vaYj:Zj)'

j=12,...,m, where m is the number of points approximating

the trajectory. The distance between neighboring points dj 1 is

defined on the basis of condition of magnitude constancy of the
trajectory curvature:

K=—%

dj i

Where a is the magnitude of change in the angle of the unit vector
of tangents in points A,— (X,- Vi z].)

and Am(xm, Y Zi+1) ; K = const, depth of camber ratio.

Let there be given a configuration of robot kinematics scheme
determined by the vector Qi(ql",q;,,_,q;)T, and the position of

the gripper in points A (X, Y;.2;) in the coordinate system

related to the fixed base of the robot. It is necessary to determine
the vector Q'**(g/*,g}*™,...,q)™)" providing moving the gripper

to another point Aj yH,ZH) defined in the same

+1(Xj+1'
coordinate system. Then, posing the problem of synthesis
of manipulation robot trajectories by mobility can be represented
as follows:

It is necessary to minimize (maximize) the kinematic quality
criteria [2]:

AN

M=

3

1=Y Ci (Qii —Qij+l ©)

i

)2 — min(max) ’

1i=1
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while the constraints define the condition point entries
approximating the trajectory into the robot manipulation
workspace of [4]:

VA(X,,Y;,2;),j =12,..,m:D,LD,L..LD,, =1 )

where C, is the coefficient characterizing the dynamic indicators of

the drive of the i-th degree of mobility according
to a predetermined parameter (energy consumption, speed,

accuracy, etc.); gl gl*i- elements of vectors @/ and QI
correspondingly, D, > k=1.2,....M) — logical variables defined by
the following expression:

1 B.(xV,2)<0
D, =
0, otherwise

where B, (x,Y,z) <0 — the inequality defining or approximating

the k' part of the manipulation robot workspace, M - the number
of inequalities, as well as additional constraints, taking into
account possible mutual collision of robot elements (5) and robot
elements with obstacles (6):

Rp ART AR A AR =0, (5)
(R,VRIVRE--VR)A(R VR v---vRY) =0, (6)

where n is the number of manipulator elements, N is the number
of obstacles in the technology space. For practical implementation
of synthesis algorithm based on possible mutual collisions
of elements and robot elements with the existing in the working
area obstacles it is necessary to determine the fact of collision.
For this purpose the obstacles located in the working area,
and the robot elements are approximated by polyhedra described
by the systems of linear inequalities (7):

k k k k
Ay, X+a,y+az+a, 20,
ay X+as,y+as,z+ay, 20,

U]

k
m,

af x+ak,y+ak,z+ak, >0,

where aﬁfj, j=1,2,3,4,i=1,2,...,m, are the coefficients defining the
faces of the polyhedron in space OXYZ, approximating
the kth obstacle (element), m is the number of faces of a kth
polyhedron. Then the mutual collision of the Ith obstacle
(element) of the manipulation robot with the kth obstacle
(element) is determined by the condition of the existence
of solution of the following system of linear inequalities:

k k k k
A X+a,y+a,z+a,20,
a; X +aj,y+as,z+as, 20,

(8)

af x+ak,y+ak,z+al, >0,

| 1 | |
8 X+a,y+az+a,20,
ay,X+ay,y+ay,z+ay, 20,

|
n

ar,x+a,,y+alz+al, >0

Using known methods of the theory of linear algebra we can
determine the fact of the collision of manipulation robot elements
with existing obstacles and the robot elements among themselves
that arises from the condition of compatibility of the system
of linear inequalities (8) [3]. One way of solving the problem
is to compute all possible minors 3 of the system of linear
inequalities (8). If there is a minor different from zero, then the
system (8) is not compatible, i.e. there is no fact of collision
of elements among themselves and with the obstacles existing
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in the working area. This problem can also be solved using
the theory of matrices, based on the Kronecker-Capelli theorem
[3]. The initial system of inequalities (8) by adding free variables
is reduced to systems of linear equations. The coefficient matrix
rank and the rank of the augmented matrix are calculated. When
there is a coincidence, the system has at least one solution;
otherwise there is no solution.

The algorithm of synthesis of program trajectories by robot
manipulation mobility based on mutual collisions of robot
elements and robot elements with the obstacles in the working
area consists of two stages. At the first stage of the algorithm there
is built a weighted graph whose vertices are the possible values
of g;, and the edges correspond to the kinematic pairs. At the

second stage, basing on Bellman dynamic programming method
we find the set Q(g, j)tha’[ minimizes the criterion of quality (3).

Identification of possible values of g, with sampling interval Ag,

depends on the type of the robot kinematic pair, i.e. on the values
of the parameter [

Let us describe the sections of the working space formed
by the movement of the elements, starting from the rth degree
of mobility of the manipulator robot, in the form of a logical
expression:

L, =D,LD,L..LD, =1, )

where D, , (k=1,2,...,m) are the logical variables specifying

or approximating a section of manipulation robot workspace.
Expression (9) is obtained as follows: using lengths
of elements, i = 1,2, .., n; parameters of joints Py Py Py

as well as considering the design constraints imposed on the
changes of values of the generalized coordinates:

o <q <qf (10)

where q, gf - lower and upper values of the generalized

coordinate of the ith degree of mobility of the manipulator.
It is necessary to show a section of the robot workspace
graphically. The resulting graphical representation is used
to determine the elementary surfaces limiting the workspace
section described by logical variables D, . Linking

the variablesD, , in accordance with the obtained graphical

configuration of a part of the workspace, we obtain an expression
of the form (9). Suppose that we are given the initial configurati
on of the kinematic scheme which ensures the condition of non-
collision of robot links among themselves and with barriers
in technological space.

2. Algorithm of programmed trajectories
synthesis

The algorithm is based on the analysis of the ways
in the weighted graph containing all possible solutions and has the
following form:

Step 1. Entering initial values: the coordinates of points

approximating the trajectory of the gripper
AX.Y.2) J=12.., m, logical expressions L ,L,,.,L,,
describing the working space and the subspaces; logical

expressions:
Ry (X,Y,2) Rﬁ(x, Y,2) - RI(X,Y,2)
R,(X,¥,2),

RI(%Y,2,0) RI(X, Y, 2,0, 0,) - RI(X,Y, 2,000, )
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describing the obstacles, the robot base and links as geometric
objects; Ag,,Aq,,...,Aq, magnitude steps of finding a solution by

mobility; Q" (¢, 5.,a})"+ Q"(cf, ..., )" - the vectors
defining lower and upper values of change of the generalized
coordinates values; the initial position of the manipulation robot

configuration Qo(qlo,qg,_,_,qg)T .
Step 2. If the condition

VA (X,Y5,2;),  1=12,..m: L =1
is satisfied, then go to Step 3, otherwise the problem has no sense
and the solution is over.

Step 3. j=1

Step 4. By each mobility degree the interval of change
of the generalized coordinates is divided into n equal intervals.
As a result of this procedure we receive the digraph of possible
configurations. We define this graph by a triangular adjacency
matrix of dimension (nm+2xnm+2), where n is the number
of robot mobility degrees, m is the number of generalized values
satisfying the condition (12), the adjacency matrix elements are
determined based on the following expression:

g {1, if vertex g, ; is adjacent to vertexq;,, ;,
L)

0, otherwise.
Step 5. For each possible configuration of the manipulation
robot we verify the condition R,AR'ARZA--AR"=0, then the

value a't =1, otherwise M =0

Step 6. For each possible configuration of the manipulation
robot we verify the condition:

(R,VRIVR VR A (R, VRZv---vR) =0

then the value ai“le —1, otherwise aiijlvi =0-

Step 7. Further we again define the values g;; based on the
following expression:

q;; =min Y C,(q7 -q,)*
=L

Step 8 For the final wvertex of the graph
we have:
q*=min»"C,(d7 -4y )’
j=1
Step 9. j=j+1.

Step 10. If j<n, then go to Step 4, otherwise to Step 11.

Step 11. We derive the values of the generalized coordinates
by robot mobility of the vector Qg,)

Further the problem is solved according to a well-known
scheme [2, 5]. On the basis of the solution of the inverse problem
by statute using the method of spline functions in the space
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of generalized coordinates we can obtain the trajectory that
ensures coincidence of the grip with program movement
at the points approximating the motion trajectory. Then given
the constraints on the wvelocity and acceleration, we obtain
the manipulation robot control program.

The analysis of the obtained solution can be made as follows:
we describe the robot links and obstacles with a reserve [2],
i.e. these geometric objects are placed in the spaces completely
covering them and also described by systems (7), (8). Then the
robot is moved along a predetermined path based on control
programs; and at each sampling interval it is analyzed
for consistency with newly acquired, with respect to the entered
reserve, systems of equations (7), (8). In this case, if no collisions
are detected during the robot movements, the control program
is admissible and optimal according to the selected criterion (3).

3. Conclusions

The proposed approaches for solving the problem of synthesis
of manipulation robot movements allow avoiding some of the
disadvantages (solvability condition, redundancy of solutions, the
possibility of practical implementation, etc.) of the known
approaches [2, 5].
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BUILDING OPTIMAL BOUNDARY CONTROL BY THE SUCCESSIVE
APPROXIMATIONS METHOD

Marat Orynbet, Gulmira Bayandina, Gula Tolebayeva

K.I. Satpayev Kazakh National Technical University. Institute of Information and Communication Technologies

Abstract. The article suggests a method for calculating the boundary control in the tape bearings optimal program using the method of successive

approximations.

Keywords: optimal control, boundary conditions

OPRACOWANIE OPTYMALNEGO STEROWANIA Z OGRANICZENIAMI
ZWYKORZYSTANIEM METODY KOLEJNYCH APROKSYMACJI

Streszczenie: Przedstawiono metode opracowania optymalnego sterowania z Ograniczeniami w tasmociggach z wykorzystaniem metody kolejnych

aproksymaciji.

Stowa kluczowe: sterowanie optymalne, warunki graniczne
Introduction

Technical systems with gas dynamic lubrication processes
have been widely applied at modern enterprises of mechanical
engineering, textile industry and instrumentation. Gas lubrication
has interesting and important applications in different types
of bearings, in particular in the so-called tape bearings (TB).
Lubrication of tape bearings by air or some other gas provides
advanced technical solutions giving significant advantages over
other engineering systems. In technical systems lubricated by air
friction is much lower. The wear and tear of tape bearings
lubricated by air or gas considerably decreases. The use of an
external gas or air supply under pressure significantly expands the
scope of application of such tape bearings, as they successfully
work at both low and high speeds and efforts.

Tape bearings are often used in processes of continuous
production and processing of plastic film, metal ribbon, paper,
textile materials and fibers. Tape bearings are used in self adjusted
supports of increased stability for high-speed rotors.

The processes taking place in tape bearings are generally
described by systems of partial combined equations relative to the
main inter-related parameters characterizing the state of tape
bearings. These parameters are primarily: thickness of the air film
between the flexible and rigid surfaces: overpressure generated
by the relative motion of two surfaces or external power; and
tension of the flexible tape in their area of interaction through
a thin layer of air. The processes taking place in tape bearings are
complex physical and mechanical processes; so the desired state
of tape bearings with the required values of the basic parameters
in the area of interaction of flexible and rigid surfaces is not
always achieved in practice. Specific numerical values of these
parameters depend on the most number of factors and may
go beyond the permitted values in the process of work. The task
of more accurate calculation of tape bearing parameters and
keeping them within the necessary range is of current interest.

The performance of specified technical systems can be
achieved through continuous search for the best conditions of the
processes on the basis of fast processing of information about their
condition, as well as an optimal process control strategy in real
time.

Solving these problems is possible on the basis of the
apparatus of mathematical physics and the theory of optimal
control of processes with distributed parameters. The
mathematical aspects of this problem were dealt with in the papers
by A.G. Butkovsky [3, 4], and T.K. Sirazetdinov [9], K.A. Lurye
[7], J.L. Lions [6], and other researchers.

Many problems of control of objects with distributed
parameters are characterized by the fact that the spatial variations
of the object parameters in the evaluation of dynamic properties

of processes in the object are fully determined by the boundary
conditions of the boundary value problem. The control problem
is reduced to the problem of control of the border state
or boundary control problem. The mechanism of any boundary
control is reduced to the formation of such boundary conditions
under which the processes occurring in the object give the desired
result.

The mathematical theory of optimal boundary control
in systems with distributed parameters was developed in works
[5, 6, 8,9, 10, 11,12, 13].

The problems of programming open-loop control have been
considered in hydrodynamics in connection with the fluid flow
stabilization problem in the boundary layer. It was proposed
to control the flow in the boundary layer by drawing heat off from
the surface of the stream-lined body [1], the suction of fluid
through porous streamlined body surface [2], as well as traveling
elastic wave generated on the surface of the body. The issues of
boundary control in closed-loop control systems with distributed
parameters have been considered in the problems
of stabilization of unstable states in plasma, hydrodynamics,
charged particle beams with feedback operators implemented
in the boundary conditions of distributed control systems and
provide suppression of these unstable states [7].

However, the range of solved problems of boundary control
of complex physical and mechanical processes does not include
complex technical systems consisting essentially of the physical
processes of different nature. Tape bearings described by the
Reynolds equation and the equation of the moment-free shell state
may be an example.

1. Statement of the problem

The main content of the optimal control problem is the
selection of one of various possible implementations of the
considered process which would provide for the best process
according to some pre-specified criterion. A possibility of choice
of different realizations of a process is conditioned by the presence
of controls by modifying which we can interfere in its course and
apply the desired trajectory. As a rule, this situation
is mathematically expressed by the fact that a set of mathematical
relations describing processes includes parameters that can be
changed within certain limits. In a particular case these parameters
may be included in the boundary conditions of the problem and
thus affect the behavior of the solution of the constitutive
equation.

Let us consider the quasi-static formulation of the problem
of calculating the optimal control program. The calculation of the
optimal boundary condition of the program for distributed systems
in a quasi-static formulation allows the use of modern numerical
methods for solving nonlinear partial differential equations using
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the necessary extremum conditions. These methods are aimed
at finding a function that directly meets the necessary
and sufficient conditions of optimality. The problem of finding
the minimum of the function by means of the necessary conditions
is reduced to the problem of finding the roots of the function.
And the problem of calculating the optimal boundary of the
program is reduced to the solution of boundary value problems for
systems of ordinary differential equations. They are easy for
programming and allow the use of simple standard programs. This
method is similar to the so-called method of adjoint equations
with a free right end, yet taking into account the specifics of the
boundary control and the restrictions on the control actions. When
constructing optimal boundary control, an efficient method
of successive approximations is used. There are many methods
of successive approximations, such as Euler method, Ritz method,
Kantarovich method, and the so-called direct methods to minimize
the functional so that it took the smallest possible value.

1= [ [0@.) - @2 0124 ()

Here Q is the current angular coordinate, t is the current time,
Q (Q, t) is the actual state of the controlled parameter, Q * (Q, t)
is the desired state of the controlled parameter. In all the above
said cases it is necessary to calculate the functional gradient. Since
the controlled object is described by partial differential equations,
the computation of the gradient is reduced to the calculation of the
partial derivatives on all the variables included in the minimized
functional. In the numerical implementation these operations are
quite time-consuming and take up much CPU time, thus making
the use of modern computers inefficient. For efficient calculation
of the gradient we use the approach which allows taking into
account the specifics of the boundary control and solving the
optimization problem while reducing the number of computational
procedures. The reduction in computation and consideration of the
specificity of a solved problem can be made at the expense of the
conjugated system, and more exactly with the use of necessary
and sufficient conditions of optimality. For this problem with
extra conditions that impose restrictions on control action of the
type:
VU, <0 (r=1,..,m) (2)

we construct an algorithm of optimal boundary control. Thus we
formulate the problem as follows. In the plane €, t there
is a rectangular area Dab, in which systems of differential
equations are given.

W £(0,Q) (=1 Q=010 Q) ()
On the boundary T' function Qi is subject to boundary

conditions of the first order
QQt)=0;@) t>0 (4)

The control variables in this system are some of the main
parameters included in the boundary conditions

Qr(Qp, ) =Qr(t) r=1,..,m<n) ®)

Due to the fact that the controlled parameter changes
differently with time, the value of @Q; is a function of the two
variables Q; = Q;(Q, t). By varying the boundary values U, (Q,, t)
subject to the condition (2) it is necessary to select their meaning
so that the criterion (1) had the smallest value for an arbitrary
time t.

2. Solution of the problem of optimal boundary
control

We divide the spatial coordinate (0 and the time coordinate
t into small segments. The segment [, 2;] into M parts by the
points 2, = 0,04,0,,...,2,m = Q; and the segment [0, t] -
into the N parts by the points t, = 0, ty, t,, t3, ..., t, = t. Then we
draw the right lines parallel to the coordinate axes Q and t via the
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ends of each of the segments [Q,,2,] and [0, ¢] lines. Then the
rectangular area D will be divided into MN small rectangular areas

Dab (a = 1,2,....... ,M); (b=1.2,........ ,N). We shall look
for the optimization problem solution in the set of control
functions Q,(2y,t) = U, (t) (r =1,2,...... ,m<n) of the

constants in each small area Dab, and uniques Q (£2,t) providing
condition (4). Thus, the solution of the formulated problem is
reduced to minimizing the function I (U,,) of Nm variables,
where

I (Urb) (6)

are defined by (1), provided that the system (3) was solved
in U,(Qo,t) = Up(Qo,t) for Dy Thus we have the problem
of minimizing the function of a finite number of variables. If we
use the gradient method, it is necessary to make calculations
by the formula (6) Nm times, i.e. to solve a system of differential
equations (3) Nm times. However, if we use the necessary
optimality conditions for the determination of the first variation
of the variables of Functional | on variables Urb, it is possible
to organize effective computational methods to significantly
reduce the number of computations. For their implementation
there is a kind of function I[UZ(Q,)] used, as well as functions
U, (Qo,t). The solution will be sought in the form of a piecewise
constant function

U (Qo,t) =2N_x U2 (r=12,..,m<n) (7

Let us consider the functional

*_ 0k " t Ok Qi

1= [0 [Q(Q.6) = Q" (. O+, [ T, £[fio2]dQdt  (8)
We shall put the integral (8) as follows:

I' = e - Q (.0 +
+ N [ S B £l 22 dade

£
The expression for the variation of Functional I* can be
written as follows:

8I'=2 [1N1Q1(Q.6) — Q*1(Q.0)] 5Q1(Q, )+

©)

— tb+1 Ok afi
SN2 S, f Tt IS #F5E 605 —aqicaldQdt (10)

By integrating the expression (10) part by part we obtain:
SI'=2[Q1(Q,£) — Q"L O)]-c +[; " En@otydt 11

The following condition should be satisfied:
2[01(Q, t) — Q*1(Q. t)]=c
Then the formula (10) to express the variation is presented in
the following form:

_ th+1

8I"= [, £ Qo, t)6U,(t)dt (12)

If functions Q°(QX,t), £(Qt) at arbitrary control U°(t) satisfy
the system (3), the increment of | under the influence of variation
SU(t)of boundary control U(t) is calculated by the formula (12).

Let the variation of the functional sU(t) of boundary control
U(t) have the following form:

const th<t<th+1

oU)={ 0th<Oth>t

Taking into account (12) we obtain the following formula
to calculate the derivative:
81 Al al ftb+1

— =lim 0T = =
surb AUTb=0 Ayrp ~ aurb b

£r(Qot)dt  (13)

Or

A1(Urb)_ rtb+1
o=l Er( Qo (14)

Let us suppose that function £,(Q,t) is continuous along Q and
b
piecewise continuous along t. The required derivative % for all
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Nm derivatives can be defined by a piecewise constant function
U(t) by solving a system of differential equations (3) with the
boundary conditions (4) and carrying the Q (t) in sufficient
number of points. Then it is necessary to solve the dual system:

SEr Sfi
= ?=15_QS£1 (s=1,..,n) (15)

To the system (3) with
£E,(Qt)=0 (s=12..,n) (16)

£,(Q,t) =c.
After that, the desired derivative

formula (14) in cross section Q = Q.

In other words, there is no need to solve system (3) Nm times
and it is reduced solving this system and its conjugate system (15)
just once with the boundary conditions (5) and (16).

Next, using the method of successive approximations it is
necessary to solve the system at the next control impact by the
formula:

(;Zb can be defined by the

Uttt =yt 4+ sUbrh (17)
where:
SUL <e le|>0 (r=12,...m)(b=12..,N-1)

In formula (17) j is a step of approximations.

If the original system solution (3) under the boundary
conditions (4) is stable, it can be expected that when we integrate
the adjoint system (15) with the boundary conditions (16) in the
negative direction of the axes, its solution will also be stable and it
does not cause computational difficulties, which sometimes can
take place in nonlinear systems.

If there are restrictions for the control action parameters when
the algorithm of calculating the optimum boundary program
is made, it is necessary to meet the necessary requirements at each
step:

umin < uPI () < uper,
3. Conclusion

The described method is used to derive the necessary
and sufficient conditions for optimality of the boundary control
of tape bearings. The optimality conditions are derived using
indirect methods, by means of the direct satisfaction of optimality
necessary conditions based on the classical variations calculus
with application of Lagrange multipliers.

The authors suggested a method for calculating the boundary
control in the tape bearings optimal program using the method
of successive approximations. The calculation method is based
on the solution of the so-called systems of coupled equations,
taking into account the specifics of the boundary control and using
a simplified algorithm for solving a quality boundary function.
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CONCEPT OF DEVELOPING AN INTELLIGENT SYSTEM
FOR CONTROL AND OPERATIONAL DIAGNOSTICS
OF TECHNOLOGICAL EQUIPMENT CONDITION

Batyrbek Suleimenov, Laura Sugurova, Nurbol Turynbetov, Alibek Suleimenov

K.1. Satpayev Kazakh National Technical University, Institute of Information and Communication Technologies

Abstract. The authors propose a concept for developing a system of automated monitoring and on-line diagnostics of main technological equipment
conditions. Monitoring and diagnostics system should work along with the automated control system. In this case, the effects of the optimal control
and operational forecasting of the process equipment will complement each other and enhance the overall efficiency of the system. The proposed technique
for developing diagnostic algorithms with the use of intelligent technologies will speed up their development and improve the accuracy of forecasting.

Keywords: diagnostics, automated control system, intelligent system, algorithm, technological object

KONCEPCJA BUDOWY INTELIGENTNEGO SYSTEMU KONTROLI | DIAGNOSTYKI
OPERACYJNEJ STANU TECHNICZNEGO WYPOSAZENIA

Streszczenie. Zaproponowano koncepcje budowy systemu automatycznej kontroli i diagnostyki operacyjnej stanu podstawowego wyposazenia
technicznego. System kontroli i diagnostyki powinien dzialaé razem z automatycznym systemem sterowania. Przy tym rezultaty optymalnego sterowania
i operacyjnego prognozowania stanu technicznego bedg dopetniaé si¢ wzajemnie i podwyzszaé catkowitq efektywnosé systemu. Proponowana metodyka
zastosowania algorytmow diagnostyki z zastosowaniem sztucznej inteligencji znacznie przyspieszy ich opracowanie i podwyzszy doktadnosé prognozy.

Stowa kluczowe: diagnostyka, automatyzowany system sterowania, system inteligentny, algorytm, obiekt technologiczny

1. General information about technical diagnostics

Initially the maintenance of technological equipment (TE)
to ensure its operational reliability and proper technical conditions
was carried out “to failure” [2]. Since the second half of the last
century another strategy, scheduled preventive maintenance
(SPM), has been successfully applied. However, it becomes
obvious that in the market conditions it is necessary to move
to a more progressive approach of ensuring the operational
reliability of TE, “in accordance with its actual condition” [2].
The transition to this strategy calls for the development
of automated monitoring and on-line diagnostics system of TE
technical condition (AMODS).

The use of assessment of TE systems in accordance with
its actual condition allows improving the efficiency of production
by reducing downtime under repair, bringing down production
costs on account of reduction in expenditure on repair and post-
fault reconditioning of equipment. (see Table 1) [2].

Table 1. Practical importance of AMODS application

Costs Savings
Increase in average time between repairs
(increased productivity and reduced
maintenance costs).
Actual elimination of unexpected failures
(increased reliability and productivity).
Elimination of excessive consumption of
spare parts (replacement of defective parts).
Reduction of the number of spare parts
(providing warnings of the need to order
replacement parts.)
Improved safety (reducing the likelihood
of unforeseen failures).
Increased productivity of production
processes.

Preliminary research, selection
of monitoring points, definition
of limit values.
Developing a common
database of equipment failures.
AMODS development

The costs of developing AMODS will be significantly reduced
if included into the structure of existing automated process control
system as a subsystem. In this case, an information application
of the existing automated process control system will be used
and this will greatly reduce the costs of its development
and introduction. At the same time, the effect of the introduction
of an advanced automated process control system will increase
significantly because in addition to the effects of rapid and optimal
process control the effect of rapid diagnostics of TE will be
achieved (see Table 1).

Besides, there may be a so-called synergistic effect when
the effects of the automated process control system and AMODS
are not just added together but multiplied. It results from the
mutual influence of process control and TE diagnostics: on the one
hand prompt and optimum management of processes
has a positive effect on TE, and on the other hand on-line
diagnostics can save the condition of TE at the appropriate level,
thus improving its controllability.

The AMODS diagnostic functions allow recording
the beginning of destructive processes in TE at an early stage.
These processes are irreversible, but their development can
be monitored and predicted using the method of anticipatory
multi-parameter diagnostics (MPD), which at each moment
of time generates a complex estimate of monitored parameter
trends. [11] The function of forecasting a condition classifies
MPD as a proactive diagnostics, which can prevent undesirable
developments in controlled equipment with control actions.
Control actions include messages to operational staff on necessary
actions and control signals for operating  mode,
up to disconnection of the OT in case of anticipation of destructive
processes [11].

Existing methods of monitoring operational characteristics
of TE consist in time-consuming periodic inspections of their
values during planned supply disconnection performed
by qualified personnel. These methods are considered test
diagnostics. In case of invalid parameter values such control
allows no possibility for timely prevention of reduction of TE
operating resources. At the same time, a system of continuous
computer monitoring can monitor the rate of TE performance
change, predict the time of necessary repairs to extend its safe
operation and to prevent the inevitable failure of equipment.

Thus, the combined operation of automated process control
system and AMODS can manage processes not only efficiently
and optimally, but also safely for TE.

One of the important stages of AMODS development
is determining diagnostic features, whose amount and information
content should be taken into account in accordance with
specifications accepted at the stage of design and installation,
performance of prototype objects, and special features
of the operating conditions of diagnosed objects. [2]

Diagnostic feature (DF) is an attribute of an object
of diagnostics used in accordance with the established procedure
for determining the condition of an object. Each type of system
of a certain type can be specified as a variety of attributes that
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characterize its condition. In accordance with their intended

purpose, most of DFs can be both diagnostic and attributes

of functional use. It is these attributes, that can often be measured
directly, and are easier to establish standards and limits. Going
beyond such limits indicates a failure or a defect in the functioning

of a system [2].

Regularities of changes in DFs over time are generally similar
to the regularities of parameter changes of object technical
condition. During operation DFs vary from their initial value
to the maximum allowable for a certain operating period.
By measuring the current value of a DF and comparing it with the
attributes of the reference condition of an object, one can
determine a technical condition of the object at this moment and
predict its subsequent condition. The assortment of DFs and the
permissible limits are established by manufacturers and are
specified in the technical documentation. Typically, a diagnostic
conclusion requires an analysis of a large number of DFs [11].

In general, development of AMODS requires solving
the following interrelated tasks:

o to develop a mathematical model of an object under diagnostics,
which allows to check working capacity and correctness of
functioning on the strength of all the DFs.

¢ to create a mathematical model of damages and failures, which
gives an opportunity to detect damages and failures and identify
their causes.

e to build algorithms for diagnostics, which is achieved
by selecting a set of elementary inspections to help: a) in the
problems of detecting damages and failures to distinguish
serviceable or working condition or condition of the proper
functioning from its faulty conditions; b) in the problems
of looking for damage and failures to distinguish between faulty
and inefficient conditions [11].

For solving these problems various mathematical models
are used. For example, when creating models which allow testing
the functionality and correctness of functioning we use systems
of linear and nonlinear equations. For modeling of damages
and failures we use topological models in the form of fault trees
and graphs of cause-and-effect relationships between the technical
conditions and DFs. The models of objects under diagnostics are
the basis for constructing algorithms for diagnostics. Construction
of diagnostics algorithms consists in selecting of such sets
of inspections whose results can distinguish serviceable condition,
working condition or condition of the functioning from their
opposite conditions, and also to distinguish types of defects
between each other [11].

A state of a system is described by a set of features defining
it (parameters). Of course, the multitude of defining attributes may
vary, especially in connection with the recognition problem.
Recognizing conditions of a system means referring it to one
of possible diagnoses (classes). The number of diagnoses depends
on the objectives and purposes of study [2].

In the majority of problems of technical diagnostics, diagnoses
are established in advance, and in these conditions the recognition
problem is often called the problem of classification. A set
of sequential actions in the recognition process is called a pattern
recognition algorithm. An essential part of the recognition process
is the selection of diagnosing features (DF) that describe
the condition of the system. They should be informative enough
to allow the recognition process to be carried out under a selected
number of diagnoses. With the collection of statistical data, the list
of DFs should refine and improve the decisive rules for
recognition of defects [1].

There are two main approaches to the problem of recognition,
probabilistic and deterministic. Probabilistic methods require
a large amount of background information. Deterministic
approaches more succinctly describe the essential aspects of the
recognition process, are less dependent on excessive, low-value
information, are more in line with the logic of human thinking.
However, the deterministic approach requires knowledge
of qualitative and quantitative regularities of physical and
chemical phenomena going on in the TE, which is not always
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possible. One of the most important features of the technical
diagnostics is to detect faults in the condition of limited
information when one needs to be guided by certain principles and
rules to make an informed decision.

In these circumstances, the most promising approach may
be to use a modern intelligent technology (IT) for problems
of pattern recognition. At present the most commonly used in
practice ITs are: fuzzy logic, neural networks and neuro-fuzzy
network. In our reference [6] we proposed a method for the
application of intelligent technology to develop technological
process control systems. However, we believe that this technique
can be applied to creating systems of diagnostics of process
equipment, since the study, development and implementation
of processes of technical condition of the diagnosis are necessary
to solve the same problems that arise in the research, development
and implementation of management processes in general [4].

2. The method of application of intelligent
technologies in control systems

The Department of Automation and Controls of K. I. Satpayev
KazNTU is actively engaged in research and development
of hybrid and intelligent control systems of various technological
processes, such as [4, 5, 6, 8, 9]. Numerous studies conducted
at the department, as well as analysis of recent publications on the
subject have shown that IT can be used directly in the
development of models for optimal process control, but not
a model of the process itself. In other words, the considered
technologies enable the immediate development of control
algorithms, as opposed to the traditional chain: development
of a structure of process model — conducting experimental
studies on the object — model identification — optimization
problem formulation — selection of optimization method —
optimal control algorithm development. The traditional approach
involves a long (sometimes several years), expensive and not
always successful way of creating a system of optimal control.

The use of IT allows solving analogous problems
immediately, and as experience has shown, quite successfully.
The fact is that artificial intelligence techniques involve the use of
knowledge, experience and intuition of human experts who are
familiar with the subject area. In other words, it uses the so-called
effect of “ready-made knowledge.” In contrast, the development
of a mathematical model (the main component of the system)
is the process of creating “new knowledge”, and therefore requires
a long enough time to conduct theoretical research, as well as high
material and labor costs for pilot studies and model identification.

Moreover, thanks to their long-term work experience,
operators-technicians have learned how to control technological
processes in optimized modes in different initial situations
(and they usually manage to perform well). The transfer of “ready
knowledge” from human experts to the knowledge database
of an intelligent system greatly simplifies the development
of intelligent systems; and their operation eliminates the effect
of the “human factor” during process control (under “human
factor” we assume such properties of a human body as: fatigue,
slow reaction, lack of psychological stability, drowsiness during
monotonous work, limited experience of young operators, and
other causes).

Using the main idea of work (instead of development
of a technological process model, development of a model
of its control process), and developing existing IT methods,
we propose the following three stage process of creating systems
of optimum process control.

At the first stage, a priori studies of technological features
of the control object based on literature sources, publications
in periodicals and production forms and records are carried out.
Typically, existing processes have to go through a long phase
of research, pilot and industrial tests before they are put into
production. It is likely that there remained materials of this
research, as well as attempts to develop mathematical models
of this process. A thorough analysis of all this information in order
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to use it in the development of intelligent control systems
is required. This is especially important for the possible creation
of hybrid control systems (HCS).

At the same stage it is required to analyze the process under
study as a control object with the identification of input and
output, controlled and uncontrolled, manageable and non-
manageable variables. It is necessary to assess the object response
rate through different channels, the class of object (continuous
or discrete), the degree of completeness of the information about
the object's variables, the operating range of variation of variables
of the object, etc.

After careful analysis of the available information
it is necessary to prepare a structure of the future system
of control, which will considerably facilitate further work.

At the second stage the model of control process is developed.
The main objective of control (analogue of objective function
in optimization problems) is determined with the help
of experienced experts (practicing operators, technicians
or engineers). This objective is generally known and usually
experienced operators are striving to achieve it. Then of all types
of variables by the method of ranking from the general list are
defined those which according to experts are essential to this
object (process).

The main objective of the second stage is the compilation
of a matrix of planning a full factorial experiment (FFE). A model
of a control object (process) is made with the help of a FFE
matrix. At the same time, for example, the total number
of possible combinations of factors for two input variables
for three-level factors is equal to N=3%=9; for three variables
3% =27, etc.

For example, when there are two input variables, a FFE
planning matrix is compiled, which is given in Table 2. Type 2
tables are the foundation for the development of intelligent
systems, as they have concentrated many years of experience,
knowledge and intuition of human experts in the particular subject
area. The quality of the FFE matrix will depend upon efficiency
of the entire control system.

The values: 0.0, 0.5, 1.0 mean the minimum, average and
maximum values of the input variables X; and X,. An expert using
his experience, knowledge and intuition has to only write down
the values of the output variable Y® (controlling action) in the
range from 0.0 to 1.0. Normalization in the range from 0 to 1
of input and output variables is done according to the formula:

X — Xiin (l)
Xinax — Xnmin
where: x - normalized (from 0 to 1) value of an input or an output

variable; x — current value of the variable; Xmin, Xmax — Minimum
and maximum value of the variable.

X =

Table 2. FFE Matrix of Planning

Experiment number X1 X2
1 0,0 0,0
2 0,0 0,5
3 0,0 1,0
4 0.5 0,0
5 0.5 0,5
6 0.5 1,0
7 1,0 0,0
8 1,0 0,5
9 1,0 1,0

Drawing up a matrix of experiment planning is much more
convenient for experts than making rules of fuzzy productions
recommended in all textbooks and publications. At that, an expert
needn’t invent endless terms (“very much”, “very, very little,”
“quite normal”, etc.); he just puts the value of the output
(controlling) variable in the range from 0.0 to 1.0. In this case, the
FFE matrix of planning can be used for four different methods of
control model development: experiment planning, expert systems,
neural networks, neuro-fuzzy algorithms.
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In contrast to the well-known classical method of experiment
planning, compiling a matrix of FFE planning with the help
of experts makes this procedure considerably faster and cheaper.
Experts carry out so-called “mental experiments” instead
of expensive experiments conducted in reality. Besides,
it is necessary to keep in mind that active experiments
in the conditions of a functioning production process is unrealistic
because of the possible emergency situations when the process
variables fluctuate from the minimum values to their maximum
values, and vice versa. In addition, many enterprises simply do not
have opportunities to change the variables according to the FFE
Planning Matrix.

It should be emphasized that the output values Yi are actually
control variables, so the planning matrix displays a process control
model for all scheduled by experts combinations of input
variables. For calculation of intermediate values in combinations
of input variables (for example, X; = 0.21 and X, = 0.74)
it is necessary to synthesize a process control model, which is the
main task of the second stage.

It should be noted that it is more efficient to use known
mathematical relationships identified in the first stage of research
along with intelligent models. At the same time, it is necessary
to make sure that such dependencies adequately reflect certain
physico-chemical regularities of a particular process.

At the third stage a study of developed control models
is conducted. At this stage the following actions are carried out.

The received models are thoroughly researched and analyzed
by their sensitivity, stability and uniqueness. This is achieved
by conducting a simulation of a control process with various
changes of input variables; constructing the curves of variation
of output variables at changing input variables; and performing
their analysis with the help of experts.

After completion of investigation of models obtained
by different methods, the comparative analysis of their adequacy
is carried out. For this purpose the output variables are calculated
using models for the values of input variables taken from the FFE
planning matrix and compared with the expert estimates. After
that a comparison matrix is formed, which allows to calculate
the value of modeling errors in different ways. For example,
the absolute error in percentage is galculated as follows:

5:100i2|v’—w | )
N-143
where Y° and Y7 are experimental and calculated values of the
output variables respectively.

An absolute error is calculated for the models obtained in four
different ways, and then their comparative analysis is performed.
The model with the smallest absolute error is considered to be the
most appropriate.

The most adequate model is subject to taking tests
in simulated conditions of existing production. In this case,
the model is fed to the input with actual input variables taken from
the measuring apparatus of an industrial unit; and the simulation
results (output control variable) are compared with the value
of control, which is effectively implemented by an experienced
operator-technologist. In case of a satisfactory result of simulation
tests, the model is integrated into an industrial controller.
Otherwise, everything starts over again — going back to the first
stage and improvement of the model parameters.

3. Technique of development of intelligent
diagnostics algorithms

As it was already mentioned, the above suggested technique
of application of intelligent technologies for development
of process control systems can be used for TE fault detection
tasks. Let us consider the use of intelligent technologies using
the example of FFE planning matrix for TE fault identification
providing the production of yellow phosphorus in the conditions
of Novo-Dzhambulsky Phosphorus Plant (NDPP).

The NDPP technological instructions for the production
of yellow phosphorus contains a lot of options for possible
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malfunction of the TE and considers the ways of their elimination.
Let us look at some of them (see Table 3).
There are three different conditions of a technical system [10]:
1) Workable — it is a condition under which the system is able to
perform specified functions with parameters, which are set up
by technical documentation.
2) Workable, but faulty — it is a condition of a technical system
when it is able to perform its main functions, but does not

meet all the requirements of technical documentation.
3) Failure — violation of system operation capacity, i.e.
a condition when it is unable to perform specified functions.

Table 3. Possible malfunctions and methods of their liquidation

. Actions of the personnel
Type or symptom Possible causes of ]
No - - and ways of malfunction
of malfunction malfunctions A
liquidation
1. Identify the chute with a
1. Stuck of the fro_zgn charge and b_reak
. it in accordance with
charge in the boot . .
instructions
Increase of chutes 2. Drain the slag with a
2. Overexposing slag - g
temperature under maximum removal of coke
5 3. Short electrodes ]
the cover of - 3. Switch on electrodes
; 4. Excess of coke in .
electric furnace again
the charge °
4. Flush with coke-lean
5. Bummer of an
electrode charge
5. Act by orders of the
shop technologist
1. Adjust furnace charge
Temperature under 1. High content of 2. If possible, increase
. power. In case of need
the cover of P,0s in the slag
6 furnace is below 2. Low power of close sectoral chute
o : . closures without violating
the limit electric furnace - :
the uniform dynamic load
of charge on electrodes
) 1. Water leakage due 1. Turn off the electric
Lowering the water furnace
. to burn-out of one or ) .
10 level in the tank of . 2. Determine the location
" " more cooling
softened™ water of burnout and replace or
elements
block the element

According to this classification the malfunction Number 6, is
likely to be attributed to the second group of conditions
of technical systems — “workable, but faulty.” Problem Number 10
can be attributed to the third group — “failure”. Problem Number 5
is closest to the group of failure, but it has some features of the
second group.

The most dangerous for TE are certainly failures. Therefore
we shall consider the third group of the technical system
conditions in greater detail. Failure is the core concept of the
theory of reliability. A failure occurs a result of action on an
object by a set of objective and subjective factors. These factors
are quite difficult to be fully taken into account [10].

Classification of failures:

1. Failures are distinguished by causes as:

- Constructional, caused by deficiencies in design;

- Technological, caused by imperfections or violation

of manufacturing technology;

- Operational, caused by improper operation.

2. Failures are distinguished by effect on the performance
of a technical system as:

- Failures of elements of the system,

malfunction;

- Failures of elements of the system, causing its failure.

3. By relations with the failures of other elements:

- Dependent failures;

- Independent failures.

4. By randomness of occurrence:

- Random (sudden);

- Gradual (systematic).

Of course, the classification proposed in [10] (as well as any
classification) is conditional as sometimes the problem can be
attributed to several of its kinds. For example, the malfunction
Number 5 can be attributed both to a group of “failures” and the

causing its
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group “workable, but faulty”; it may be caused by structural
as well as operational reasons, and it can occur either suddenly
or gradually.

It should also be noted that all of the above problems are
of “emergency notification” nature, i.e., they inform that
an emergency situation has arisen, but do not allow to predict
it. Qualitative (not quantitative) assessment of symptoms and
causes of malfunction, do not enable “predicting” the proximity
to a particular emergency situation. To forecast it (as noted in all
the textbooks on technical diagnostics, as well as by the authors
[11]) it is necessary to develop a mathematical model of object
diagnostics, a mathematical model of damage and failures, and to
build algorithms for diagnostics.

However (as already noted in paragraph 2 of this paper), this
approach assumes a long, expensive and not always successful
way of developing a system of on-line diagnostics. We use the
same method as for developing control systems: i.e. instead
of creating mathematical models of diagnostics objects and failure
models we immediately begin developing an algorithm
for diagnostics using advanced intelligent technologies. The use
of IT can solve similar tasks at once, and as experience has shown
(e. 9., [4, 5, 6, 8, 9]), quite successfully. In other words, the effect
of “ready knowledge” derived from human experts would be used
in this case.

The basis of the proposed methodology for diagnostics
algorithm development is composed by (see Section 2 of this
paper) FFE planning matrix instead of the traditional rules
of productions. Let us consider the method of producing the FFE
planning matrix using the example of diagnosing the problem
Number 5.

The fluctuation of temperature in a furnace is quite
a “standard” situation, which is controlled by raising or deepening
electrodes — “fine adjustment™, or switching steps of a transformer
— “rough adjustment” explained by the divergence of chemical and
physical properties of the loaded charge. However
if the temperature exceeds a certain threshold level, and it cannot
be reduced by the control system, it means the occurrence
of an emergency situation according to the above-mentioned
five reasons. In other words it is possible to say that if the change
in temperature is compensated to a certain extent by a control
action, the technical condition of the furnace is considered normal
within the region of the control system (AMODS). At the same
time, even if the temperature is still within the limits, but is not
governed by the control system that gives a command to lower
it, it means that the situation is close to an emergency
and it is necessary to move into the sphere of influence
of the diagnostics subsystem - AMODS.

In the work [7], we attempted to assess the quality of a newly
developed technical system by evaluating its controllability. Here
we can use the same criteria for evaluation of the current technical
system from the point of view of TE current condition. In other
words, we used the current rate of controllability of process
equipment as a diagnostic feature (DF). This can be done in the
presence of an automated process control system, which allows
monitoring and evaluating the effect of input, output and control
variables on TE.

Thus, determining the degree of TE controllability allows
to evaluate the possibility of occurrence of emergency situations at
an early stage. In accordance with the definition of Kalman [3],
controllability (elimination of initial displacement) means
the ability of a system to have control actions that allow to transfer
it from a given initial condition to a desired one within a limited
period of time. In the work [7] a profound analysis of numerous
methods for determining the controllability of TE is provided, but
they are quite complex and require knowledge of the static and
dynamic characteristics of the controlled object, which is not
always possible. In the work [7] we provided a methodology
to assess the degree of controllability of TE which uses
knowledge, experience and intuition of operators-technologists
along the advanced intelligent technologies.
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To determine the degree of current controllability of TE
it is suggested to use the following criteria: static evaluation
of control channels, assessment of TE inertia, interference
immunity, and measurability. Since the criteria for interference
immunity measurability of TE change much over the time, they
cannot be considered in assessing the overall controllability of TE.

As an example, let us consider a methodology for assessing
a degree of controllability of TE for the malfunction Number 5.

In this case, for the static assessment we take the following
variables:

o temperature under the electric furnace cover (X);

o value of penetration of electrodes (X»);

e switching transformer steps since the beginning of temperature
increase (X3).

As dynamic estimates we assume the following parameters:

o speed of temperature increase (X,);

o inertia of the object (Xs) along the channel “depth of immersion
of electrode - temperature in the furnace”, this is a reaction time
of TE (furnace temperature) for controlling impact (depth of
immersion of the electrode).

As an output variable we will assume the overall assessment
of controllability ().

All of these variables (except for the transformer changing
steps) can be normalized using the formula (1), which allows
to estimate their values change from minimum to maximum in the
range [0 - 1]. X3 variable can have only two values: 1 (there was
switching of steps) and 0 (there was no switching of steps).

One should also consider that almost all the criteria and the
evaluation of the static and dynamic control channel will vary
depending on the furnace capacity. It is therefore necessary
to form the FFE planning matrix for each value of power Wi
separately.

We can now proceed to the main point — the compilation
of production rules or the formation of a knowledge base
of experienced on-site operators-technicians or engineers
for production of yellow phosphorus at NDPP. For example,
the rules may be:

Rule 1: “IF THE TEMPERATURE IS MINIMAL”
AND “THE IMMERSION IS MINIMUM” AND “THERE WAS
NO SWITCHING” AND “THE RATE OF TEMPERATURE
INCREASE 1S MINIMAL” AND “THE INERTIA OF OBJECT
IS LOW” THEN “THE CONTROLLABILITY IS HIGH?;

Rule 2. “IF THE TEMPERATURE IS MAXIMAL”
AND “THE IMMERSION IS MAXIMAL” AND “THERE WAS
SWITCHING” AND “THE RATE OF TEMPERATURE
INCREASE IS MAXIMAL” AND “THE INERTIA OF OBJECT
IS HIGH” THEN “THE CONTROLLABILITY IS LOW?”;

Rule 3: “IF THE TEMPERATURE IS MEDIUM”
AND “THE IMMERSION IS MEDIUM” AND “THERE WAS
NO SWITCHING” AND “THE RATE OF TEMPERATURE
INCREASE IS MEDIUM” AND “THE INERTIA OF OBJECT
IS MEDIUM” THEN  “THE  CONTROLLABILITY
IS MEDIUM”;

etc.

It is more convenient to present these production rules
in a form of FFE planning matrix after conducting so-called “men-
tal experiments” with experts. Then the planning matrix for these
three rules will look as follows (see Table 4).

Table 4. FFE planning matrix+ for the assessment of controllability for Wi power

Experiment No. X1 Xz X3 Xa Xs Y
1 0 0 0 0 0 1
2 1 1 1 1 1 0
3 0.5 0.5 0 0.5 0.5 0.5
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To ensure a full factorial experiment with a three-level
assessment of variables: 0; 0.5; and 1.0, the number
of experimental points will be equal to: N = 3° = 153.
But it is desirable to apply a five-level assessment: 0.0; 0.25; 0.5;
0.75; and 1.0; while the number of points will be equal
to N = 5° = 2625. However, this large number of experiments is
difficult to implement. In this case one can perform fractional
factorial experiment (FrFE) with fewer experimental points [4].
It should be remembered that the accuracy of intelligent models
for control systems should be much higher than for a diagnostic
subsystem. Therefore, the number of points in FrFE
for the diagnostic system can be significantly fewer than that
required for the furnace control. But in any case, the more “mental
experiments” will be conducted, the more accurate the mental
model of the algorithm of diagnosis will be.

The FFE planning matrix can be used for the synthesis
of one of the three types of intellectual models: fuzzy, neural
network or neuro-fuzzy. There are further studies
into the sensitivity, stability, unambiguousness and adequacy
of received intellectual models. The best of these three models
may be used in developing the AMODS diagnostic subsystem.

Further it is possible to adopt, for example, the following
evaluation grading for the degree of closeness of the current
condition of TE to the emergency situation (for malfunction
Number 5) depending on the evaluation of the degree
of controllability:

a) if the value Y is between 0 and 0.25 — the emergency situation
occurred;

b) if the value Y is in the range from 0.26 to 0.5 — the situation is
prior to emergency;

c) if the value Y is in the range from 0.51 to 0.75 — the emergency
situation is likely;

d) if the value Y is in the range from 0.76 to 1.0 — the furnace is in
the normal condition.

Depending on the assessment of the degree of furnace
controllability, AMODS can make one of the following decisions:
o in the case (d) — no action to be taken;

e in the case (c) — analyzing possible reasons for the decline
of controllability: bridging scaffolding in boot chutes;
overexposure of slag; short electrodes, excess of coke in the
charge; bummer of electrode;

e in the case (b) — depending on the results of analysis making
one of the following: identifying the chute with a frozen charge
and “breaking” it according to instructions, draining the slag
with a maximum removal of coke; switching electrodes on
again or providing “flushing” with coke lean charge;

o in the case (a) — acting by the orders of an on-site technologist.

Similarly, one can develop a FFE planning matrix and assess
the degree of controllability during the furnace malfunction
Number 6. Malfunction Number 10 by this classification [10] can
be classified as random (sudden), the causes of which are
impossible to predict in advance. The malfunctions of this type are
recorded with appropriate sensors, and the reaction to them
is stipulated in the technological instructions
and can be duplicated on a monitor using an AMODS subsystem.

Thus, the proposed method of estimating the degree
of controllability allows predicting the occurrence of accidents
at an early stage and preventing them.

4. Conclusions

The original methodology for the development of real-time
diagnostics intellectual algorithms on the basis of evaluation
of process object control level is proposed. This methodology
provides application of knowledge, experience and intuitions
of technologist operators, given in the form of the planning matrix
of Complete Factorial Experiment (CFE). At that the CFE
planning matrix is planned by experienced technologist operators
in the mode of “mental experiment”, thus significantly saving
labor costs and material resources.
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Abstract. In this work we show the possibility of using of nuclear magnetic resonance at low magnetic fields for the purpose of establishing a system

of automated process of control and quality of dairy products.

Keywords: nuclear magnetic resonance (NMR), relaxometry, chemical shift, automated control system

AUTOMATYCZNY RELAKSOMETR NMR
DO KONTROLI PRODUKCJI I JAKOSCI

Streszczenie. W pracy przedstawiono mozliwosé uzycia jgdrowego rezonansu magnetycznego dla stabych pdl magnetycznych do stworzenia

zautomatyzowanego systemu kontroli procesu i jakosci produktow mlecznych.

Slowa kluczowe: jadrowy rezonans magnetyczny, relaksometr, przesunigcie chemiczne, zautomatyzowany system kontroli

Introduction

There are various methods to control the quality of products
based on the use of various physical and chemical effects.
This paper describes the possibility of using NMR spectroscopy
for the purposes of automated quality control of milk using
a magnetic field. By studying the NMR spectra of isotopes that
are part of the milk, you can unambiguously identify the product,
in other words to determine its authenticity.

1. Method and equipment of NMR spectroscopy

The use of NMR spectroscopy is well known for controlling
the manufacturing process [1].

Under the influence of an external magnetic field, atomic
nuclei can receive and emit radio waves. Their frequency vy is
proportional to the strength B, of the magnetic field:

w=2mvy =78y @)

here, the coefficient of proportionality is the gyromagnetic ratio
y. It is a constant value for a particular nuclear isotope.

The content of certain isotopes in the nature and the
corresponding frequencies of the radiation are given below:

Table 1. Properties of several atomic nuclei

Nuclear isotopes Content in the nature voatBo=1T
H 99,98% 42,57 MHz
B¢ 1,108% 10,71 MHz
UN 99,63% 3,08 MHz
¥F 100,0% 40,05 MHz
129%e 26,44% 11,78 MHz

Nuclear magnetic resonance (NMR) is a peculiar form
of telecommunications in the magnetic field, because the NMR
frequency determined by the value of the magnetic field at the
point where the core is. Atomic nuclei are surrounded by
electrons and in the compounds, which are formed by different
atoms
i.e. molecules, electrons can be shared, forming a chemical bond.
The orbits of binder electrons are characteristic of the chemical
structure of molecules. As is well known electrons carry
an electrical charge, movement of which is induces a magnetic

field. The internal magnetic field induced by electrons that
are moving in an external magnetic field By, is usually
proportional to this field and shields the nucleus from it.

The induced magnetic field causes a shift of the resonant
frequency:

o =27v =y(1-0)By @)

where ¢ is a constant of magnetic shielding for a given chemical
group.

Value of 0 = (v — veef)/vret IS the chemical shift of this group.
It does not depend on the strength of the magnetic field B,.
Chemical shifts can be calculated from the chemical shift
increment tables, as well as on the basis of the laws of quantum
mechanics. Value of v is a reference frequency, for example,
the resonant frequency of tetramethylsilane (TMS) for *H and
3C. In liquids the resonance signal typically has a width of 0,1
Hz.

The distribution of the resonance frequencies defines
the NMR spectrum, which displays the structure of the molecule.
On the Figure 1 NMR spectrum is shown 3C in polyethylene.
Identification of NMR spectrum of molecules in solutions
is a standard method of analysis for the further chemical
synthesis and accordingly the quality of a particular type
of the manufactured products.

In recent years the NMR is widely used for control
and management of various technological processes, for
example, in the manufacture of medical preparations in the
pharmaceutical manufacturing [9], for monitoring the quality of
agricultural products [2, 3, 5, 6].

It is known that applicable in spectrometers permanent
magnets depends on the temperature. Nevertheless, such
spectrometers which measure the echo or signal induced in the
coil after the initiation of the pulse — is a free induction decay
(FID) in weakly inhomogeneous fields are widely used
for characterizing a variety of types of products, for example,
foods, cosmetics, polymers. FID frequency analysis in using
Fourier transformation gives you the opportunity of obtaining
NMR spectrum with linewidth

AQ =1/(7T,) @3)

where T, is the transverse relaxation time, which is determined
by local magnetic fields dependent or independent of the time.
With the proper conduct of the experiment the accuracy of such
measurements is 0,1%.
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Fig. 1. Chemical structure

NMR with a weak field can be reproduced with the help
of a small and low-cost equipment, value of which can be
obtained in the range from 0,5 to 1 T by using electromagnets.
NMR with a weak field in the homogenous fields can be used
to control the manufacturing process, for example, petroleum
refining or other types of products, for example the quality of
milk. For optimizing the product stream after the spectrometric
analysis the return signal is generated from the parameter ‘H of
NMR spectrum.

2. Description of the automated system
for determining the quality of milk

This paper considers the automatic control system (ACS)
of the milk quality when it is processing by the magnetic field.
In recent years, paid much attention to the processing by
physical fields of liquids [7, 8, 10].

We have attempted to use the magnetic field for milk
processing with a view to its better storage. For controlling
parameters of quality of milk have developed an automated
control system (ACS), which is regulated by the seven
parameters (fat mass fraction, the mass fraction of milk solids
non-fat (MSNF), the density, the mass fraction of added water,
the temperature, the mass fraction of protein, the acidity).
Moreover for controlling the magnetic field with a high
accuracy NMR signal of hydrogen applied 'H and of carbon
¥c, which by the chemical shift indicate the presence
of microbial flora in the milk.

A block diagram of the device shown at the Figure 2. Milk
from the reservoir via delivery pipe (1) supplied to the sliding
shutter (2), which regulates the velocity of the fluid. Next, the
milk supplied to a system for electromagnetic treatment of milk
(3), consisting of several pairs of quadrupole lenses (EM-1,
EM-2 etc.), which have a special configuration of the magnetic
tips. Value of the magnetic field strength is measured with
a high accuracy up to 10 by an NMR sensor (4), which
is in the area of fields of the quadrupole lenses.

The parameters of milk (as input (7), and output (8)) are
controlled by sensor devices, installed in the analyzers
«Laktan-4», «KAKM-98 Farmer». They allow to register up to 6
parameters of milk quality.
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Fig. 2. The block diagram of the ACS: 1 — delivery pipe; 2 — sliding shutter;
3 — device for electromagnetic treatment of milk; 4 — NMR sensor; 5 — power
amplifier; 6 — digital-to-analog converter (DAC); 7 — input sensors of properties
of milk; 8 — output sensors of properties of milk; 9 — controlling signal switch;
10 — personal computer; 11 — LPT-port; 12 — interface; 13 — registrar of receiver;
14 — registrar of control; 15 — data recorder; 16 — switch of the stepper motor;
17 — stepper motor; 18 — NMR spectrometer

Input and output data from the sensors are supplied to the
controlling signals switch (9) through the appropriate interface
and LPT-port (11) to the personal computer (10). In the personal
computer, there is a required software, designed to control the
strength of the magnetic field of quadrupole lenses. The magnetic
field is generated by electromagnets, supplied and controlled by
a DC voltage source (5), control signals from the PC via the
digital-to-analog converter (DAC) (6).

The second branch of the adjustment of the fluid velocity
is given through the registrar switch management of the stepper
motor with the corresponding electronic equipment, given at the
Figure 1. Milk flow rate through the delivery pipe can be
adjusted in the range from 0 to 6 m/s. with accuracy of 0,15%.

In the present paper uses the method of analysis of the
asymptotic stability developed and [1] designed to obtain
frequency stability conditions of subsystems of direct digital
control of regime parameters of considered technological
processes.

3. ldentified results

We have experimentally determined, magnetic treatment
of milk for field strengths up to 0,5 T reduces the deposition
of salts and the formation of milk stone up to 3 times, which
contributes to lower heat and power costs, prime cost of dairy
products, their quality improvement. Magnetized milk has a
higher viscosity (up to 16-18%), critical shear stress of milk
coagulum (up to 23-28%), electrical conductivity (up to 14-
16%), the surface tension of the milk is reduced up to 11-15%.

An important indicator for establishing the expiration date
is the acidity.

Titratable acidity is a key indicator of freshness of milk and
dairy products. It reflects the concentration of milk components
having acidic character. It is known that the active acidity is one
of the indicators of quality, it is determined by the concentration
of hydrogen ions. On the pH value depends the colloidal state
of the milk proteins, growth of beneficial and harmful
microflora, thermostability of milk and activity of the enzymes.
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Fig. 3. 'H NMR spectrum of milk

Thus, a constant magnetic field is a biologically active factor
of the external environment that may affect to the liquid systems
and bacteria.

Great interest attaches the NMR technique of determining the
chemical shift of the hydrogen, carbon, phosphorus, which
characterize the nuclear-physical parameters of milk.

As an example, Figure 3 shows a portion of the NMR
spectrum signal of milk for hydrogen-1 isotope.

4. Conclusions

This paper shows the feasibility of establishing
a system of automated quality control of liquid milk using NMR,
having a high accuracy of determination of manufactured
products.
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QUALITY MANAGEMENT SYSTEM IN HEAT SUPPLY OPERATION
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Abstract. In the article, the Quality Management System (QMS) in heat supply is shown ashigh-quality and reliable heat supplyensuring system for
consumers (in the most cost-efficient way compliant with environmental standards) and ensuring the quality assessment of functioning business. The article
provides features of heat supply, as control object, and difficulties of assessing the quality of functioning business. It also provides a process approach to
description and management of activity, as one of management principles in QMS.

Keywords: management of district heating, the hierarchical system, the system of management and quality

SYSTEM ZARZADZANIA JAKOSCIA W DOSTARCZANIU CIEPEA

Streszczenie. W artykule system zarzgdzania jakosSciqg w dostarczaniu ciepla potraktowano jako system zapewniajgcy wysokq jakos¢ i niezawodnosé
dostarczania ciepta klientom w najbardziej ekonomiczny sposob, przy jednoczesnym zapewnieniu standardow ekologicznych i uwzglednieniu oceny jakosci
funkcjonowania przedsigbiorstwa. Wskazano cechy szczegolne dostarczania ciepla jako obiektu sterowania oraz trudnosci w ocenie jakosci
funkcjonowania przedsiebiorstwa. Przyjeto podejscie procesowe do opisu i sterowania dostarczaniem ciepta jako zasady sterowania systemem zarzqdzania

Jakoscig.

Stowa kluczowe: zarzadzanie dostarczaniem ciepta, system hierarchiczny, system zarzadzania jako$cia

Introduction

Currently, many enterprises to improve the performance
and competitiveness of the domestic and global markets
are implementing the Quality Management System. How does the
introduction of this system in a centralized heating system will
affect the quality and reliability of supply, whether it will increase
energy efficiency, in accordance with environmental standards?
Allow to achieve this goal, and to assess the quality of operation
of the business. These and other questions will try to answer
in this article.

1. Features heating as a control object

Contemporary district heating systems (DHS) of cities
correspond to complex technological systems consisting of basic
interrelated district-heating processes (CHP and auxiliary boiler
rooms), main and sub-main heating utilities (HU), and spatially
distributed network of heat and domestic hot water (DHW)
consumers.

Operation of DHS shall be in compliance with technical
requirements to hydraulic/thermal modes and to reliability
of components — regarding the technical-economic indicators

of heat supply [7].

As the target of research and control, HS is characterized
by [4]:
1. Complex interrelationships between heating, domestic hot

water, and ventilation processes;

2. External links to other facilities (water supply and CHP);

3. Continuity in production, distribution, and consumption
of thermal energy;

4. Dependent and independent schemes of connecting the
thermal energy consumers to heat-supply system;

5. Non-stationary nature of hydraulic and thermal heat-supply

modes;

Stochastic nature of disturbances;

7. Problems in assessing the current values of technical-

economic indicators (process management quality);

Spatial distribution of heating facilities;

9. Increased sensitivity of heat carrier to water
and accidents — in areas and nodes of heating utilities;

10. High-density of heat carrier, which requires additional
power costs for network water pumping and arrangement
of high pressure — to fill the heating -elements
of consumers.

o

®

leaks

Activities of heat-supply plant are estimated by the following
components [8]:
o quality of maintaining the technical status of heating utilities;
modal reliability;
o quality of remediation activities;
o quality of building and replacing the heating systems;
o reliability management at the enterprise.

2. Quality management system in management
heat supply

In practice, it is often difficult to assess the quality
of functioning enterprise: compliance between quality of products
(goods or services) to set requirements, correct and transparent
business management, activities to improve the functioning
of business processes, correct record keeping, competence
and satisfaction of employees, and, finally and most importantly,
customer satisfaction. DHS also has difficulties arising from
specific feature of activity — presence of feedback: heat carrier
(water) heated to certain temperature at CHP heating units
is transported and distributed to consumers of thermal energy,
while returning to source of heat with residual temperature.
As main purpose of DHS functioning is to ensure the high-quality
and reliable heat supply of consumers (in the most cost-efficient
way compliant with environmental standards), there is a need
for system ensuring the achievement of this goal and assessing the
quality of functioning business. In the world community, Quality
Management System (QMS) is considered to be such system.

QMS is designed to ensure the sustainable success
of organization and provides the manager with opportunity
to analyze the performance of enterprise and production
of competitive products; employees — with opportunity to evaluate
the results of their actions and be aware of relevance
and importance of actions taken; consumers — with opportunity
to assess the meeting of requirements related to products and/or
services.

QMS ensures the quality management of services — via
management of processes [1] forming the quality. This is possible
at implementation of basic management functions [5]: interaction
with external environment, forming a policy and planning
of quality, training and motivation of staff, arrangement
of quality-ensuring activities, quality control, information
on quality, development and implementation of actions
on improving the quality of services. All these functions are inter-
related and form a quality management process within
the enterprise.
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While reviewing this system (QMS) as management object, let
us provide its block diagram:

7.

Fig. 1. Block diagram of QMS control
where X=(X;, Xp,..., X,) — input requirements to system:

requirements to documentation, work of staff, quality of services,

etc.;

®  Y=(Y1, Ya..., ¥q) — OUtput data for system analysis (audit) and
monitoring;

o 7=(2;, Z,,..., zy) —disturbances: critical and emergency
situations, human errors, untimely or inadequate (to input
requirements) service of providers.

e R=(ry, rp,..., ry) -—resources needed to meet the system
requirements and obtain the necessary results (resources
intended for preventive and corrective actions).

Full description of the system consists of mathematical model
(control object) used for purposeful conversion of input data
to outputs — subject to disturbances and resources.

In scientific research, function is the most common model
of transforming the input to output. Classic formalized (explicit)
representation of function in mathematics

Y=f (X, Z,R),

If we transfer the mathematical concept of function to process
and correlate it with definition of the process under SO 9000, the
above expression can be interpreted as follows: given the process
inputs X, convert them to output Y according to conversion rule f.

As seen from Figure 1, overall structure of the process can be
formally represented by two components:

e objects — inputs (X, Z, R), outputs (Y) answering the question
"what"

e functions — conversion rulesf (X, Z, R)answering the question
"how".

Function is a specific model (representation) of process
describing the rules of transforming the inputs to process output.
In other words, the function describes how and what should
be done as part of the process — for output (product) to be
compliant with certainly set requirements.

In contrast to mathematical function,
to process shall determine the following:

e what types of input objects must be received at the input
of process and without which categories and (or) specific
objects the function cannot be implemented?;

e under what rules and into what relations are involved the
various categories of input objects during implementation
of the process?

It is obvious that, from two identified components, function is
the most complete representation of the process, which indirectly
comprises the objects too. Therefore, for the purpose
of evaluation, analysis, and improvement, each process (activity,
work, operation, action, etc.) may be represented in the form of its
model — function. The function acts as uniform building block
used to construct the process and its components.

For consistent perception of complex process and ease of its
analysis, "functions" at each level of hierarchy shall belong to the
same class, i.e., have the same set of properties [6].

function related
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Projection of formal description to real materialized process
enables the control of output compliance. For example, processes
of high-quality heat supply can be subject to application
of measurable quality parameters (projections at the output).
Deviation of resulting features from set parameters demands
the correction of process description, reconfiguring of processing
parameters, and bringing the characteristics to normal.

The system (QMS) shall be adequate to object and have
an opportunity for integration with other management systems.

According to international standard ISO 9001, QMS
introduction assumes the following milestones:
development of quality objectives;
description of main and auxiliary processes;
development of process indicators;
development of QMS documentation;
familiarizing the staff with documentation;
keeping the QMS documents up to date;
collection of measurement results;
planning and conducting of internal audits;
data analysis;
development of corrective and preventive actions, addressing
of inconsistencies;

e improvement.

In QMS, one of management principles is use of process
approach to description and management. Use of process system
along with identification/interaction of the processes (within the
enterprise), as well as their management aimed at obtaining the
desired result, can be viewed as "process approach™ [2]. Dynamic
development of market and environment keeps bringing the
managers to idea that management of enterprise is a set
of business processes defining the essence of activities within
organization.

Business process is understood as sustainable and targeted set
of interrelated activities using certain technology to transform the
resources (materials, funds, equipment, personnel, information)
into result (product, service) being of value to consumer
or enterprise. The following is necessary to implement the process
approach:

1. Identify the main and auxiliary processes affecting the
management quality and efficiency, as well as the processes
related to consumer;

2. ldentify the persons responsible for planning, analysis, and
development of recommendations on process improvement
(owners); provide them with necessary authorities;

3. Determine the process goals — based on objectives

of organization;

Set the process boundaries, inputs, and outputs;

5. Develop the process documents (procedures, rules, maps,
diagrams, etc.);

6. Develop a management, monitoring, and process measuring
system;

7. Provide the processes with necessary resources and run the
processes;

8. Control the processes via monitoring and measurement;

Plan and implement the process improvements — based
on Deming cycle (PDCA cycle).

While breaking the activities of HS enterprise to processes, we
get the following: planning, design, production, purchasing
management, analysis, and control.

Process approach, along with general ideology, includes
description of activities, as network of interrelated processes, and
permanent  monitoring, management, and improvement
of processes. For high-quality management of business processes,
they shall be provided with compliant indicators of functioning
and efficiency. These figures shall meet the set requirements,
deviation from which is considered as incompliance. QMS system
shall collect information on values of process indicators and
revealed non-conformities.

&
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Fig. 2. Business processes of HS enterprise

In case of incompliance, mandatory procedures shall include
identification of consequences and causes, significance of which
can be estimated by grading system. Quite often, assessment uses
a method of analyzing the incompliance, its consequences, and
causes (FMEA — Failure Mode and Effects Analysis) — with use
of cause-and-effect Ishikawa diagram (introduced in MS 1SO
9004-4:94), which applies the risk priority number (RPN).
Emergence of incompliance can be dependent on many factors.
At that, some of them may affect the others, i.e., be bound with
cause-and-effect relations. Definition of entire cause chain can
successfully solve a management problem — including the quality
management. So, FMEA method on analysis of activity
recommends corrective and preventive actions to reduce the
severity of consequences or likelihood of failure for the enterprise.

3. Conclusion

Thus, QMS establishment in heat supply will ensure:

e permanent improvement of activities via
satisfaction of customers, employees,
and society;

e improvement of heat supply management;

e energy savings and energy efficiency throughout the life cycle
of services;

e growth of financial indicators — at reduction of costs;

o efficient control of business management at heat-supply
enterprise;

e improved reliability of HS functioning.
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DETERMINATION OF THE STRUCTURE OF TASKS
FOR PHOSPHORIC ORE SMELTING FURNACE CONTROL

Akhmet Ibraev, Perdesh Khairullina

K.1. Satpayev Kazakh National Technical University. Institute of Information and Communication Technologies

Abstract. The article is devoted to definition of the structure of problems of a control system by the ore-smelting furnace for melting of phosphoric raw
materials. The solution of this task is offered to be carried out on the basis of decomposition methods with use of mathematical models of the process.

Keywords: ore-smelting furnaces, electric smelting, control of the ore-smelting furnace, mathematical model

OKRESLENIE STRUKTURY ZADAN STEROWANIA PIECEM DO WYTAPIANIA RUD FOSFORU

Streszczenie. Artykuf poswigcony jest omowieniu struktury zadan systemu sterowania piecem do wytapiania rud fosforu. Zaproponowano rozwigzanie tego
zadania w oparciu 0 metody dekompozycji z wykorzystaniem modelowania matematycznego procesu.

Stowa kluczowe: piece do wytopu rud, wytapianie elektryczne, sterowanie piecem do wytopu rudy, model matematyczny

Introduction

Ore-smelting furnaces for melting raw materials are widely
used in the phosphate industry. Increasingly stringent
requirements (including environmental and economic) are
currently applied to the effectiveness of functioning and quality
of products of these furnaces and that cannot be done without the
use of modern management techniques and the creation of systems
of automation with the use of modern technological means,
especially computers and controllers (SCADA-systems).

Phosphoric ore-smelting furnace (POSF) of an enclosed type
is characterized by the limited availability of control of process
variables, insufficient level of study, aggressive environment and
potential dangers. As an object of control, a phosphoric ore-
smelting furnace is a complex multi-dimensional dynamic
industrial complex, which has a considerable inertia, close
interrelationship of input and output variables, significant level
of disturbances and limited traceability of a large number
of variables [1].

The composition of the vector of process input variables
includes such variables asthe consumption of phosphorite,
electrode paste, phosphorite compositions, quartzite, coke, ashes
of reductant; type of raw material used and maximum generating
capacity of furnace facility.

The vector of output variables of technological flows of the
process includes the following:

1. the variables that can be calculated using a mathematical
model of the process: the yield and composition of the slag,
dust, ferrophosphorus and a yield of phosphorus; mass and
volume yield of the furnace gas, its density, mass and mass
change of carbonaceous layer; total specific energy
consumption, the content of P,Os in slag, power consumption
of the furnace facility, electrical efficiency, linear
consumption of electrodes;

2. the variables that can be measured: strength of current;
position of electrodes; volumetric gas yield; higher harmonics
in the electrodes current, the temperature of furnace gas,
electric power consumption (according to electric meter), the
amount of electricity consumed between electrodes slipping,
power consumption during closed slag tap holes according to
meter reading.

The vector of control variables include: consumption of coke
and quartzite, changing capacity of the furnace by moving the
electrodes (for changing current intensity) or switching voltage
levels of the furnace transformer (linear voltage at the electrodes),
flushing of slug and outflow of ferrophosphorus.

Significant disturbing influences include: random fluctuations
of component composition of furnace charge (chemical and
granulometric content of furnace charge, ash content and humidity
of furnace charge); power surges in the supply network, fistulas,

sintering and collapses of furnace charge. As a result of these
factors, the amount of reacted carbon in the reaction space of the
furnace is changed, which in turn, leads to a vibration of resistance
of sub-electrode space defined by the mass of carbon layer [2].

1. Formulation of the problem

Existing ore-smelting furnace (for melting phosphoric raw
materials) automation systems usually solve the problems
of monitoring and control of individual technological variables
and process control is based on an intuitive, mainly qualitative
perception of the characteristics of furnace condition by service
personnel [3]. Predictive mathematical models of the process are
not used, and therefore, there is no proper efficiency of operational
control. Subjective nature of the process assessment leads
to a very approximate, often incorrect determination of control
actions, resulting in deviations from nominal progress of the
process [5]. Adjustment of quartzite and coke dosages is based on
the results of chemical analysis of the composition of slag (after
draining it from the furnace). The lack of efficiency
in determining the composition of the slag leads to a large time lag
between changes in the composition of the melt and the need
to adjust the composition of furnace charge. The disadvantages
of POSF electrical control system mode of operation include the
lack methods and algorithms for informed decision making on the
optimal ratio of current and voltage for a given capacity of the
furnace. It should be noted the absence of any relationship
between the problems being solved, because the variables
of control and regulation are selected at the level of local design
decisions.

In this regard, there is a need to formalize the selection
of control problems structure through the application
of mathematical models and modern technical means
of automation.

2. Decomposition of the problem

Considerable inertia of the process, high level of disturbing
influences, failure to ensure operational control of several
important process variables determines the complexity of the
control problem for ore-smelting furnace. In this regard,
the decision of this problem is proposed to carry out based
on mathematical models of the process with determining
interrelated composition solved on the basis of decomposition
methods [4].

The structure of automation system for ore-smelting furnace
(for smelting phosphoric raw materials) tasks was determined
on the basis of systematic analysis of technological complex as the
control object, the nature of occurring physical and chemical
processes, dynamic properties of the control channels, their
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relationship with each other and with regard to the nature
of mathematical description of the object. The use of a systematic
approach to the synthesis of complex automation system structure
for ore-smelting classified as "complex™ (in system analysis terms)
allows to the greatest extent take into account peculiarities of their
interrelated management. At the same time possibilities
of technical means of control and management were taken into

account [6].

Structuring a control system (allocation of tasks and sub-
systems) was performed on the basis of determining (forming)
of control and recording and management objectives for each
manufacturing operation, i.e. by building "objectives tree", from
general (increasing the efficiency of the smelting process
as a whole at the top control level), to particular (control and
recording and providing stabilization of selected modes)
objectives at lower levels.

Achieving selected objectives of top-level is provided through
achieving the objectives of lower levels (provided there
is a consistency of these objectives). Definition of the system
functioning objectives (and tasks to be solved respectively)
at lower levels of control is carried out in accordance with the
principles of technological and structural and temporal
decomposition for the following backbone properties:

e history of individual operations for loading materials to the
furnace, melting them and receiving products;

e slots for solving monitoring and control tasks (current and
operational tasks), solving tasks at regular intervals taking into
account dynamic characteristics of the control channels.

The depth of decomposition was assigned as a condition
for achieving such a degree of detailing the objectives, which
allows connecting the implementation of "the lower branches
of objectives tree" with the specific tasks of monitoring, recording
and control that should be addressed in the system. As a result,
on the basis of this "objectives tree" control requirements were
determined by the structure of the control system of ore-smelting
furnace as a well-ordered set of problems being solved in the
system.

Based on this approach, it was determined that the automation
system of ore-smelting furnace to be formed as a hierarchical
multilevel system. At the top level, the control tasks
of technological complex as a whole are solved, which consist in
the need of completing shift-day targets for the production
of primary products and other melting products. At the lower
level, tasks of control and stabilization of designed process
conditions are solved.

In accordance with these principles, two groups of interrelated
tasks in the general problem of ore-smelting furnace control were
identified (Figure 1):

o Control of melting process conditions;

e Control of energy mode.

Ore-smelting furnace control

Cantrol of energy mode

‘ Control of melting process conditions }\

Charge Quartzite Coke Ferrophos Moving Voltage
consumption consumption consumption slag tapping electrodes change

‘ Stabilization of selected modes ‘

Fig. 1. Structure of phosphoric ore-smelting furnace control tasks

The task of control of melting technological process consists
in determining the flow ratio of material flow (consumption
of charge, coke, quartzite in the furnace) taking into account their
current composition and condition of the furnace (nominal electric
capacity of the furnace, the amount and composition of output
products - waste gases, slag and ferrophos). The main interval for
solving the task - the change, with the clock adjustment,

ISSN 2083-0157

if necessary. Solving the task is carried out on the basis of the
static predictive mathematical model based on the equations of the
material balance of the process.

Substantial statement of tasks of energy mode control
for electric furnace is formulated as follows: to determine the
amount of penetration of the electrodes (conductivity below the
electrodes) for a given (current) rates of consumption and
chemical composition of the charge, minimizing specific energy
consumption under restrictions on smelting rate, the loss
of phosphorus with the dump slag, the overall capacity of the
furnace, the phase voltage.

Energy mode control is carried out by changing voltage level
at the transformer and moving the electrodes to maintain a given
current load.

The lower level of control structure is represented by tasks
of stabilization of selected modes, with the tasks of monitoring
process variables.

3. Conclusion

Based on the decomposition methods, the structure of tasks for
the system of ore-smelting furnace (for smelting of phosphoric
raw materials) control was determined. Were formulated
meaningful tasks settings for control of technological and energy
modes of the smelting process, the solution of which is expected
to use mathematical model of the process control channels.
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CONSTRUCTION METHOD OF OPTIMAL CONTROL SYSTEM
OF A GROUP OF UNMANNED AERIAL VEHICLES
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Abstract. In the following work the authors implement mathematical representation of a control system of complex dynamic system. An example of such
system is a group of unmanned aerial vehicles. The sufficiency of controlled object mathematical representation is implemented, using the system
approach, which in turn describes system elements, taking into account all the relations between them.

Keywords: controlled object, control systems, Laplace transformation (LT), unmanned aerial vehicle (the UAV)

METODY TWORZENIA OPTYMALNEGO SYSTEMU KONTROLI
GRUPA BEZZALOGOWYCH STATKOW POWIETRZNYCH

Streszczenie. W prezentowanej pracy autorzy wdrazajg matematyczny opis systemu kontroli zlozonego systemu dynamicznego. Przykiadem takiego systemu
Jjest grupa bezzatogowych samolotow. Zaimplementowano odpowiedni opis matematyczny kontrolowanego obiektu stosujqc podejscie systemowe, ktore
opisuje wszystkie elementy systemu uwzgledniajgc wszystkie relacje miedzy nimi.

Stowa kluczowe: obiekt kontrolowany, system sterowania, transformata Laplace'a, bezzalogowe statki powietrzne

Introduction

Characteristic features of team flight of unmanned aerial
vehicles (the UAV) with consideration for the possibility of failure
of data channel as the controlled object [1-3]: the lack of full
mathematical representation of occurring changes; random nature
of processes and non-stationariness of parameters allow
considering it as a complex system.

It is noted that adequate general approach to solving control
tasks related to the complex object functioning is an application
of system approach.

1. Problem analysis

The main principle of systematic control task solving
is decomposing complex systems into conventional “small"

elements and synthesis of control with the condition
of consideration of all relations between elements.
Implementing  systematic approach assumes adequate

mathematical representation of controlled object, which allows
to describe elements of the system and take into account all the
relations between them.

In the theory of automatic control systems two basic types
of mathematical representation of objects and control systems
are being used. The first type lies in representation of processes
in the frequency domain, in the “space of signals”, when all the
elements features are determined by the transfer functions. This
type of representation is focused on solving tasks of stabilization,
when the program trajectory is a priori known; the object allows
linearization with a small deviation from it and the necessary
parameters of the transition process have to be ensured. Despite its
widespread use, the disadvantage of such representation lies in the
fact that it does not allow taking into account an integrated use
of all available resources in a closed autonomous dynamic system
and solving current tasks of automatic control with object
functions.

For the synthesis of optimal control "in large" when
it is necessary to simultaneously determine the best program
trajectory and implement stabilization on it, the second method
of mathematical representation, namely the state of space method
is used. Under the terms of this method, the mathematical system
model, which reflects the characteristics and existing restrictions,
should be represented in the state of space - a metric domain, each
element of which fully determines the state of the considered
system.

Such representation allows using both classic (various
methods of wvariational calculus), and modern methods
of optimization (principle of maximum, generalized work method,
method of analytical design of optimal regulators). Therefore,
in order to conduct a research, the mathematical model, where
the state vector includes the phase coordinate of the system
in state of space, has been used. The possibility of applying
the principle of separation for closed dynamical systems,
presented in the space of phase states, is of importance.

2. Problem solving

With respect to controlled coordinate, generalized controlled
object, for short hereinafter referred to as object, can be described
by equation of the form:

n-1 . m :
e Sat v =Yg 0, @
i=0 j=0

where X is a controlling action; y is an output coordinate; a; (t)
d; (t) are coordinates variable in time, or in operator form

A(p.t)Y (p)=D(p,t)X(p). @

where A(p,t), D(p, t) are linear differential operators.

Note that the equation of the form (1) or (2) can describe
the motion of many objects, including aerial vehicles. A linear
mathematical model of the object motion relative to the estimated
trajectory is correct only under certain restrictions imposed
on object signals and coordinates, range and rate of change
of its coefficients. The said restrictions can be described
in the form of inequations

B.[p. g,y xa(t)d;(t)t]1<0,

where B, is some operators, g is incoming signal,
p is a parameter of Laplace transformation, t is current time.

Taking into account the laws of control, the equation
of primary system takes on the appearance on

y®™ +T]Z_l:[ai ®+C,®1y" :i[dj(t) +CX; O1xP. Q)
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Put the case of rebuilt coefficients C; (t) and Cx;(t) in the
form of sum of two components

{ Ci(t) =C, () + AC; (t);

Cx; (t) =Cx; (t) + ACx; (1), )

where C_Ii(t),C_lxj(t) are invariables, AC;(t), ACx;(t) are
rebuilt components. By introducing notation

{ 8 =a,(t)+C;

dj =dj(t)+,6xj',

to the formulas (3) and (4), it is possible to set down
n-1 X m .
y(") + Z:[ai (t)+AC, (t)]y(') = Z[d i )+ ACXj (t)]x(”.
i=0 j=0

Changes of equation coefficients a; and d i caused
by changes in the parameters of the object, will be balanced out by
the relative changes in coefficients AC;(t), ACx;(t) to values,

defined by the model. The equation of a master model can be
represented as follows

n-1 X m .
© + Zbl yM(I) = Z d j,}lx(J) ! (6)
i=0 j=0
whereb;,d;, are the model equation coefficients, independent
of time.

If you select the desired values of coefficients equal to model
coefficients, and their additional components, the formula (3) shall
be reconstructed into the form

<")+fi[bi<t>+Aaia)mci(t)]w:
Zr:;[ t)+ ACx, (t XV

Deviation of main system output, and the model ¢ =y-y ,
shall be calculated, using the equations (6) and (7):

= i[Ad (0)+acx, Ok -

= 0 NG
—Z[Aa (t)+ac ("

By grouping members of equation (8), we deduce

o+ S {zAd( zai(t)y“)}

™

E ©
{Z ACK; ( ZAC % }
n-1
e+ Zbia(‘ =F+U, (10)
i=0

where F = {ZAd J(txW)
i0

disturbance, affecting the system and which causes an error;

n-1
—ZAai(t)y(i)} is an equivalent
i=0
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U=| Y acxk
i-0

of control device.
In order to simplify the results, by introducing notation

s(i) =X;,1(i=01...,n), an error equation (10) can be
represented in matrix form

n-1 :
- ZACi (t)y(') — is an equivalent impact
i=0

X =AX +U ,
Xq 0
X 0
where 2,
X=|"1 U=
Xn Uo
0 1 0 A 0
0 0 1 0
A=
—b, —b, —b, —by_3

A task of adaptive functional and stable complex synthesis can
be reduced in this case to the choice of such control, whereby
the equalization of equivalent disturbance F is taking place.

The principle of distribution, which is fundamental
for the synthesis of optimal linear systems, can also be applied
by the synthesis of optimal functional and stable cotrol
of the UAV’s team flight.

Among the three control channels of the UAV’s team flights:
the distance, interval and exceedance, the distance control
channel, due to the high response rate, as well as significant and
asymmetrical constraints on the control signals during acceleration
and braking action of aerial vehicles, is distinguished by technical
implementation complexity. In this regard, the argumentation
for applying the principle of adaptation in the systems of the UAV
group piloting and all subsequent researches will be conducted
through the example of distance control channel between
the UAV.

In general case, distance control between the UAV must
be coordinated, i.e. distance change should be made through
simultaneous effect on diving-rudder and engine thrust. In order
to implement such control, the signals, proportional to pitch
attitude angle, flight altitudes and flight-speed should be given
to channels of rudder and thrust.

In this case the motion equation can be introduced as:

Jp =t (P)d + 0y, (PN +a5(P)h— yl;}
8, = p1(P)d + s (PN +0y3(P -y,

where qik(P) (i:1,2;k=1,2,3) are the transfer functions

of engine thrust and diving-rudder control systems; d, V, h are
current values of distance, pitch attitude angle and altitude

respectively; Y; is the signals by trajectory program.

In case when the flight altitude and angular motions of aerial
vehicles are stabilized by the quick-responding autopilots,
the angular motions have no effect on the motions of aerial vehicle
mass center, and to control the distance you can use automatic
machine, which affects the engine thrust; the equation of this
automatic machine will be [6]:

Op = Q11(P)d -V
Distance stabilization loop is relatively low frequency.
As a result, there is no need to consider small parameters of this
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loop. In particular, for the engine the simplest transfer function
of inertia links can be used:

K
W (P)= —"Dbw |
o (P) TowP+1
where K, Tpy, are the augmentation ratio and time constant
of aircraft engine respectively.
Thus, the analysis of the dynamic properties

and characteristics of the UAV’s team flight while providing
functional and stable control with consideration for the possibility
of data channel, shows that it is possible to divide the UAV’s team
flight control into three independent channels: the distance,
exceedance and interval control between the UAV.

Furthermore, the distance control channel has been analyzed.
This allows limiting the dimension of the following model and the
complexity of obtained algorithms.

The failures of sub-systems of closed-loop regulating system
in theory can be represented by different models [4-8]. Additive
models, where the failure is represented by a vector of accidental
variations in phase coordinates of a system y(t) of the form

X (£) = A(X,t)- X (&) +B(X,t)-U(t)+&(t) + 7 (t);

Y1) =H(®)- X(0)+n(t)+ (1),

are inconvenient to describe the data channel failure, since they
do not allow taking into account the characteristic, specific
features of the considered failures (in this case a model of the form
(11) can not take into account a variation in quantity of a data

update time T ).
Models of the form
X (1) = AS(X,1)- X () +BY(X,t)-U(t) +&(t);
Y(®)=H"(®)-X(t)+n();

which take into account the failure by structure change

(11

of the dynamic matrix of a system A°(X,t), control matrix

BW(X,t) and measurements matrix H ' (t) are more suitable

to the physical nature of the processes in the data channel.
Since the data channel failures mean an increase, over the
permissible duration, in data update time between base

components and the actual UAV T, H;(t) can be described as:

Hi(t)=

In addition, this model can not take into account the causes
of failures (because of enemy counterglow or dysfunction
of communication technology) and a priori unknown statistical
characteristics of failures.

The principle of distribution, applied for decomposing
the controlled object into sealed channels, can be used in order
to divide control tasks into two sub-tasks: the formation
of program trajectory and stabilization on it. Moreover,
by distance stabilization the most important is minimizing
the errors of program trajectory exercise. Therefore, the weight
coefficients of the first component of the performance function
should be significantly greater than the weight coefficients of the
second component. Thus, the minimization of performance
function of the form

H,at T, <T,"";
H,atT,"” >T, >T,""

t
HX@OUO/H; ©)=M] [XT©-B- X @dt |
1)
i.e. without the component, corresponding to the expenses
on control, has been carried out in the following work.
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3. Conclusions

Methodical basis for construction of the optimal functional
and stable control of the group of the UAV is to use the system
approach and the principle of decomposition as the theory
of complex technical systems construction.

The structure of optimal functional and stable control
of the group of the UAV with consideration for the possibility
of data channel failure must include, in addition to the controlled
object (the group of the UAV) and a trilateration measuring
system, a relative model based on the extrapolation of the relative
position in the group and optimal regulator, which implements
the algorithm of optimal control.
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ANALIZA MODELU ULAMKOWEGO RZEDU PROCESOW SZYBKICH
REAKTORA JADROWEGO
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Streszczenie. W artykule przedstawiono wyniki badan dotyczgce rozwigzar numerycznych punktowego modelu utamkowego rzedu kinetyki neutronéw oraz
wymiany ciepta w reaktorze jgdrowym. Zbudowano model utamkowego rzedu z szescioma grupami neutronow opoznionych wraz rownaniami wymiany
ciepla. Model matematyczny zostal zaimplementowany w srodowisku Matlab i zbadany symulacyjnie dla skokow reaktywnosci. Przeprowadzono analize

wplywu wybranych parametrow modelu na uzyskiwane rozwigzania.

Stowa kluczowe: rachunek utamkowy, reaktor jadrowy, rownania rézniczkowe

FRACTIONAL MODEL OF FAST PROCESSES IN NUCLEAR REACTOR ANALYSIS

Abstract. The paper presents the results concerning numerical solutions of the fractional point kinetics and heat exchange model for nuclear reactor.
The fractional neutron point kinetics model with six groups of delayed neutron precursors was developed and numerical solutions were proposed.
Mathematical model has been implemented in the Matlab environment and tested using typical step input change. The analysis of the impact of chosen

parameters was conducted.

Keywords: fractional calculus, fission reactors, differential equations
Wstep

Zasadnicza réznica pomiedzy elektrowniami cieplnymi
konwencjonalnymi i jadrowymi wynika z rodzaju procesow
wykorzystywanych do generacji ciepta. W elektrowniach
cieplnych  sgto procesy spalania medidow  organicznych
w energetycznych kottach parowych. W elektrowniach jadrowych
(EJ) sa to procesy tancuchowej reakcji rozszczepienia jader
izotop6w, nazywanych paliwowymi, zachodzace w rdzeniu
reaktora jadrowego. Para, wykorzystywana dalej do zamiany
energii cieplnej na mechaniczng w turbinach, wytwarzana jest
badZz bezposrednio w reaktorze — elektrownie z reaktorami
wrzacymi, badz w wytwornicy pary — elektrownie z reaktorami
ci$nieniowymi, dla ktorej chtodziwo reaktora jest zrodlem ciepta.
W EJ z reaktorami ci$nieniowymi obieg chtodziwa, ktore odbiera
ciepto generowane w rdzeniu reaktora zamyka si¢ w tzw. obiegu
pierwotnym obejmujacym reaktor i wytwornice pary. Pomigdzy
zespotami turbina - generator w elektrowniach cieplnych
na paliwo organiczne i na paliwo jadrowe nie ma funkcjonalnych
réznic. Zasadniczymi procesami zachodzacymi w rdzeniu reaktora
sg procesy zwigzane z lancuchowa reakcja rozszczepienia.
Ich osig jest proces rozszczepiania jader izotopow paliwowych.
Akt rozszczepienia jadra izotopu paliwowego, wywolany
pojedynczym neutronem jest zrédlem 2-3 neutronéw nowego
pokolenia o wysokich energiach. Powszechnie dzi§ stosowane
reaktory jadrowe lekko wodne wykorzystuja do rozszczepiania
jader neutrondw o niskich energiach — neutronéw termicznych.
Nalezy je spowolni¢ do poziomu energii termicznych w procesie
dyfuzji w $rodowisku rdzenia reaktora. W tym celu jako medium
moderujgce wykorzystywana jest, w reaktorach lekko wodnych,
woda przeptywajaca w przestrzeni pomigdzy pretami z materiatem
rozszczepialnym. Pelni wigc ona w EJ tego typu podwdjng role —
chtodziwa i moderatora. Natomiast ze wzgledu na czas pojawiania
si¢ neutrony dzielg si¢ na natychmiastowe i opdznione. Pierwsze
z nich (ponad 99% neutrondéw rozszczepieniowych) emitowane
sa bezposrednio w akcie rozszczepienia, natomiast neutrony
opéznione (mniej niz 1%) powstaja przy rozpadzie
promieniotworczym okreslonych produktdow rozszczepienia —
prekursoréw neutronéw opdznionych. W skali makroskopowej
relacje pomiedzy liczebnoscia kolejnych pokolen neutrondow
w rdzeniu reaktora okresla efektywny wspotczynnik mnozenia
neutrondw k.r. Jego warto$¢ rowna jeden oznacza generowanie
W rdzeniu reaktora energii jadrowej z taka samg intensywnoscia,
czyli generowanie stalej mocy. Jego warto$¢ wigksza od jednosci
oznacza wzrastanie mocy reaktora, amniejsza od jednosci
jej malenie. Dla stanow pracy reaktora ze stala moca stosuje
si¢ czeSciej inng wielkos$¢ dla charakteryzowania relacji pomiedzy

liczebnoscia neutronéw w kolejnych pokoleniach — reaktywnos$é
p. Definiuje si¢ ja jako wzgledne odchylenie efektywnego
wspotczynnika mnozenia neutronéw od jednosci, czyli:
T @)
keg

Matematyczne  opisy  procesoOw  tancuchowej  reakcji
rozszczepienia nazywaja si¢ modelami kinetyki neutronow.
Aproksymacja punktowa tych proceséw operujgca wartosciami
$rednimi wielko$ci nazywana jest modelem punktowym kinetyki
neutronow.

Prace badawcze dotyczace modelowania ulamkowego rzedu
trwaja od wielu lat i doczekaly si¢ licznych publikacji. Obszarem
zainteresowania sg czgsto zlozone uktady nieliniowe. Wymienié
mozna tutaj model jonowych metalowych kompozytow, uktadow
elektrycznych [4], filtréw elektrycznych [8], uktadow regulacji
[10], w tym regulatoréw utamkowego rzedu PI"D* [5]. Przyklad
estymacji  parametrow dla modelu ulamkowego zostat
przedstawiony w [9]. W artykule [8] zaproponowano punktowy
model kinetyki neutronéw utamkowego rzgdu z jedng grupa
prekursoréw neutrondéw opdznionych.

Artykul rozwaza model punktowy kinetyki z szescioma
grupami prekursor6w neutrondw opoéznionych wykorzystujacy
rachunek rézniczkowy niecatkowitego rzedu oraz
model punktowy wymiany ciepla wykorzystujacy rachunek
rézniczkowy catkowitego rzedu. Podano przy tym wartoSci
poszczegdlnych statych parametrow oraz przyjetych warunkow
poczatkowych. Przeprowadzono analiz¢ wpltywu rzedu pochodnej
ulamkowej na przebiegi znormalizowanej gestosci neutrondw,
temperatury rdzenia oraz reaktywnosci dla wybranych wymuszen.
Przyjeto, ze przed rozpoczgciem badan reaktor znajdowat
si¢ w stanie krytycznym. Na zakonczenie podano wyniki badan
oraz wnioski.

1. Pochodna niecalkowitego rzedu

Istnieje kilka metod okre$lania pochodnej utamkowego rze¢du.
Do glownych naleza definicje: Caputo, Riemanna-Liouville'a
oraz Griinwalda-Letnikova [11]. Pochodna niecatkowitego rzgdu
moze by¢ przedstawiona jako [10]:

a a>0
de®
D¢ = 1 a=0 2

fot d)* a<0
gdzie @ — rzad pochodnej. Nalezy zauwazy¢, ze dla ujemnej
warto$ci @ nastgpuje catkowanie. W przypadku, gdy a jest
calkowitego rzedu powstaje pochodna lub catka ujeta
w klasycznym (catkowitym) ujeciu.
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2. Punktowa kinetyka reaktora jadrowego

Utamkowy punktowy model kinetyki reaktora jadrowego
Z szescioma grupami prekursorOw neutrondw opo6znionych,
mozna zapisaé nastepujaco [8]:

e aktt a k(L 1=B)d*

() + Sn(t) + T (l+ " )dtkn(t)+ (3)
— k

+ELOn(6) = 58, TG0 + 052, 4 G (D)
L6 =2n() - 2,60 diaj-1, ....6 )

z warunkami poczatkowymi:
1o = n(0); o = ;(0) = %no dlaj=1, ..., 6
]
gdzie n(t) — gestos¢ neutronéw, C;(t) — koncentracja jader
prekursoréw neutronéw opoznionych j-tej grupy, B; — udziat
neutronéw opdznionych j-tej grupy w populacji neutrondw,

A; — stata rozpadu prekursoréw neutronéw opodznionych j-tej
grupy, | — czas zycia neutronow natychmiastowych,
A — efektywny czas zycia neutronéw, p(t) — reaktywnos¢,
7% — czas relaksacji. Czas relaksacji t* jest parametrem

okreslajagcym szybko§¢ powrotu ukladu do stanu réwnowagi.
Wielkos¢ ta ma zatem  charakter stalej czasowe;.
Wraz ze wzrostem jej wartosci uktad (w tym przypadku: gestos§é
neutrondw w rdzeniu reaktora jadrowego) bedzie powracat
do stanu rownowagi coraz wolnie;j.

W tablicy 1 przedstawiono przyjete udzialy neutronow
op6znionych w populacji neutronéow 1 stale rozpadu
ich prekursorow.

Tablica 1. Udzialy neutronow opoznionych i state rozpadu ich prekursorow
dla U-235 [7]

i Bi A

1 0,000231 0,0124
2 0,001533 0,0305
3 0,001327 0,1110
4 0,002765 0,3010
5 0,000805 1,1300
6 0,000294 3,0000

Ponadto, w rownaniach (3) — (4) przyjeto wartosci:
p= 2?‘:1,8j =0.007, A=1= 000003s, t*=0,0001sk
Wplyw  warto$§ci kna uzyskiwane rozwigzania bedzie
przedmiotem prezentowanych dalej badan. Prace prowadzono
wykorzystujac wartosci  wzgledne zmiennych n oraz C,
wynikajace z zalozenia ny = 1. Stan krytyczny rownowagi,
rézny od stanu wylaczenia reaktora, przyjmowano kazdorazowo
za stan poczatkowy, dlatego tez warunki poczatkowe dla tego
stanu  wynosza: ny, = 1, Cjo=62097, C(C,, = 16754,
C39 = 398,5,Cy49 = 306,2, C5q = 23,746, Cso = 3.2667.

3. Punktowy model wymiany ciepta

Punktowy model wymiany ciepta w reaktorze jadrowym
mozna zapisa¢ jako uktad rownan rézniczkowych [7]:

Mepeep "2 = Ga(0) =2 (Tep () = (1)) (5)
Mece P50 = 2(T,,(6) = To(©) ) — 2w(0)cp (T() — Ty (1)) (6)

gdzie T,,(t) — usredniona po objetosci rdzenia temperatura
elementu paliwowego, T.(t) — usredniona po objetosci rdzenia
temperatura chtodziwa, T, (t) — temperatura chtodziwa na wlocie
do rdzenia, M., — calkowita masa elementéw paliwowych
W objetosci rdzenia, M, — catkowita masa chtodziwa i elementow
konstrukcyjnych w objgtosci rdzenia, ¢, — Srednie wazone ciepto
wlasciwe elementow paliwowych w rdzeniu, ¢, — $rednie wazone
ciepto wlasciwe chlodziwa (przy stalym ci$nieniu) i materiatlow
konstrukcyjnych rdzenia, c, — ciepto wiasciwe chlodziwa (przy
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statym ci$nieniu), R — oporno$¢ cieplna rdzenia, w — masowy
wydatek chtodziwa (przy statym ci$nieniu).

Powyzszy model zostat znormalizowany tak, by T,,(0) = 1
oraz T.(0) = 1. Po normalizacji otrzymano:

. __¢cB T
dTep —_ QR P Tep,B ¢

- 7
dt Tep,BMepCep RMepCep ( )
ar, _ 1 Tep,B 2wep Twe
E_RMC(T Tep_Tc Y} (Tc__) (8)
cCc \ IcB cCc Te.B

Uwzglednienie modelu wymiany ciepla niesie za soba
konieczno$¢ wzigcia pod uwage efektow reaktywnosciowych. Jest
to zmiana wartosci reaktywnosci wywolana zmiang stanu
termicznego rdzenia. Uwzglgdniajac stan krytyczny reaktora przed
rozpoczgciem badan py, = 0, efekt reaktywnosciowy mozna
zapisac jako [7]:

Ap = p(t) —po = p(t) =0 = ©)

=ac [Tc ) - Tc,B] + aep [Tep () - Tep,B]
gdzie a, - wspdtczynnik reaktywno$ciowy od zmian temperatury
chtodziwa, @, - wspotczynnik reaktywnosciowy od zmian
temperatury rdzenia. W rownaniach (6) — (8) przyjeto wartosci:
Mg, = 60645 kg, c.p = 313,07@%, R=2325%10"7 2,

°Cs

- - 2 = g
M, = 10573 kg, cc = 340297, cp = 54605,
Qr = 1375 MW, Tye = 269 °C, Tops = 603,16 °C,

T, = 283,47°C, a,=—12+107* ic Top = =34 % 10—5% ,
w = 870072

4. Wyniki badan testowych

Przeprowadzono testy symulacyjne rozwigzan
znormalizowanej gestosci neutronow termicznych, temperatury
rdzenia oraz reaktywnosci. Badania przeprowadzono
w srodowisku  MATLAB z wuzyciem Toolboxa FOMCON.
Wybrano go ze wzgledu na jego staly rozwdj zardéwno
w przypadku sterowania jak i oceny stabilnosci. WejSciem modelu
byla reaktywno$¢ albo temperatura chlodziwa na wlocie
do rdzenia. Zatozono, ze poczatkowym stanem reaktora jest stan
krytyczny. Na wejscie podano skok reaktywno$ci o warto$ciach
-0,0005 10,0005, albo skok temperatury chtodziwa na wlocie
do rdzenia o wartosciach -2°C i 2°C. Kazde z badan
przeprowadzono dla roznych warto$ci pochodnych
k (0; 0,25; 0,5; 0,75). Przyjeto czas symulacji t = 150 s.

Na rys. 1-3 przedstawiono wpltyw ujemnej skokowej zmiany
reaktywnosci.

Dla ujemnego skoku reaktywnosci gesto$¢ neutronow,
temperatura rdzenia maleje, za$ dla dodatniego — roénie. Przebiegi
gestosci neutronéw dla modeli 0 r6znych warto$ciach pochodnych
k roznig sie odsiebie. Z powodu roznej dynamiki gestosci
neutronow dla réznych warto$ci k rdézna jest dynamika zmian
temperatury rdzenia dla r6znych warto$ci k. Jest to spowodowane
zalezno$cig temperatury rdzenia od gestosci neutrondw. Istnienie
Sprzezen reaktywnoSciowych wywoluje zmiang wartosci
reaktywno$ci. Wraz z dazeniem reaktywnosci do zera predkosé
zmian gestosci neutrondw rowniez dazy do zera.

Na rys. 7-9 przedstawiono wpltyw ujemnej skokowej zmiany
warto$ci temperatury chtodziwa na wlocie do rdzenia.

Na rys. 10-12 przedstawiono wpltyw dodatniej skokowej
zmiany wartos$ci temperatury chtodziwa na wlocie do rdzenia.

Na rys. 4-6 przedstawiono wptyw dodatniej skokowej zmiany
reaktywnosci.

Dla ujemnej skokowej zmiany wartosci temperatury
chtodziwa na wlocie do rdzenia ggsto$¢ neutrondw i temperatura
rdzenia rosna, za$ reaktywno$¢ maleje po uprzednim wzrosnie.
Dla dodatniego skoku — reaktywno$¢ rosnie po uprzednim
zmniejszaniu warto$ci, a pozostate badane wielkosci maleja.
Przebiegi badanych wielkosci ustalajg sig. Dla réznych wartosci k
warto$§¢ w stanie ustalonym jest rézna. Im warto$¢ k dla k # 0
jest wigksza, tym przebieg bardziej si¢ zbliza do przebiegu
dlak = 0.
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5. Whnioski

W artykule przedstawiono wyniki badan wiasciwosci

rozwigzan  punktowego  modelu  kinetyki  neutronéw
niecatkowitego rzgdu wraz z modelem wymiany ciepta.
Wykazano budowe struktury obliczeniowej z biblioteki

FOMCON. Zbadano wptyw pochodnej niecatkowitego rzedu
k na przebiegi gestosci neutrondéw, temperatury rdzenia
oraz reaktywnosci dla skokowych zmian reaktywnosci
oraz temperatury chtodziwa na wlocie do rdzenia. Stwierdzono,
iz wartos¢ k wplywa na dynamik¢ badanych wielkosci.
Im warto$¢ ta jest wicksza, tym czas ustalania jest krotszy,
a réznica migdzy wartoscia ustalong po skoku, a przed skokiem
jest mniejsza.
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Modele punktowe (0 parametrach skupionych) sa stosowane
powszechnie w analizie i syntezie systemow sterowania realnych
reaktorow jadrowych [1, 2, 6, 7, 8, 12]. Dazenie do poprawy
jakosci sterowania tymi reaktorami wymaga poszukiwania coraz
lepszych punktowych aproksymacji w istocie przestrzennych
proceséw reaktora jadrowego. Modele punktowe wykorzystujace
rachunek niecalkowitego rzedu sg takg proba (jak w artykule).

Aktualny wysitek badaczy skupiony jest na konstrukcji
algorytmow aproksymacji modeli 1D [3] i 3D kinetyki neutronow
i wymiany ciepta modelami punktowymi niecatkowitego rzedu.
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Abstract. This paper presents numerical modelling of artificial hyperthermia treatment. Presented model takes into account not only the temperature
distributions but also the thermal dose parameter. Obtaining of temperature distributions takes advantage of the generalized dual phase lag equation.
For computer calculations the parallelized algorithm was prepared.

Keywords: artificial hyperthermia, finite difference method, parallelized calculations, dual phase lag model

ANALIZA NUMERYCZNA ZABIEGU SZTUCZNEJ HIPERTERMII

Streszczenie. Artykut dotyczy numerycznego modelowania zabiegu sztucznej hipertermii. Analiza skutecznosci zabiegu jest rozpatrywana nie tylko na
podstawie czasoprzestrzennych rozktadow temperatury, ale takie w oparciu o parametr dawki termicznej. Do modelowania przeptywu ciepta
W rozpatrywanym obszarze wykorzystano uogolnione rownanie z dwoma czasami opoznien. Na potrzeby obliczenn numerycznych napisano autorski

program oparty o obliczenia rownolegle.

Stowa kluczowe: sztuczna hipertermia, metoda réznic skonczonych, obliczenia rownolegle, uogélnione rownanie z dwoma czasami opoznien

Introduction

From the medical point of view hyperthermia is the sudden,
rapid rise in a body temperature. Artificial hyperthermia
is a treatment, in which the body temperature is purposeful raised,
usually to 42 - 46 °C. There are three types of artificial
hyperthermia: local, regional and whole-body. In this paper, only
the local is considered. Local artificial hyperthermia is usually
used as cancer treatment often associated with chemo -
or radiotherapy. When this treatment is used unsupported,
in cancer cells it causes lack of oxygen and nutrients, what leads
to the apoptosis. Heat shock causes inducing of the heat shock
proteins. Rise of temperature results in better blood supply to the
organ and therefore drug accumulation. Chemical reactions are
faster at higher temperatures. Artificial hyperthermia associated
with the radiotherapy perpetuates damage of DNA.

It also should be noted, that the biological tissue is the
material with particular nonhomogeneous inner structure
and interwoven by blood vessels (Fig. 1). Sensitive influence
on the temperature distribution has a volume of the blood vessels
and blood velocity. The bioheat transfer process is multiscale,
therefore it is necessary to consider delays of heat flux and
temperature gradient [1].

Artery

Group of cells
and intercellular
substances

N

Fig. 1. Tissue model

To prevent damage of healthy tissue, as well heating
the considered area to desirable temperature, the ability to predict
the temperature distribution accurately, in a short calculation time
is very important.

A model, which allows one to take into account the tissue
porosity and phase lags depending on the parameters of tissue
is the generalized dual phase lag model [11]. It should be pointed
out that the comparison of various bioheat transfer models was
done by authors in [8, 9].

It should be remembered that the degree of tissue destruction
depends not only on the temperature, but also the exposure time
and can be described mathematically by means of the thermal dose
parameter [14].

1. Generalized dual phase lag equation

The tissue, as shown in figure 1, can be treated as a porous
medium divided into two regions: the vascular region (blood
vessel) and the extravascular region (tissue) [4, 11]. To describe
temperature field in the heating regions (blood (1) and tissue (2))
the two-equation porous model [12] can be applied

(l—s)plct% = (1-&)L V2T, + GA(T, —T,) + o
WC, (Tb —Tt)+ (1—8)Qml + (1 —e)Qex

£p,C, [af;l;b +V- VTb} =el, VT, +aA(T, =T, )+ ?

WG, (Tt - Tb ) + Sme + 8Qex

where € denotes the porosity (the ratio of blood volume to the total
volume), a is the heat transfer coefficient, v is the blood velocity,
A is the volumetric transfer area between tissue and blood, ¢ is the
specific heat, p is the density, A is the thermal conductivity,
T denotes temperature, t is the time, w is the blood perfusion rate,
Qn is the metabolic heat source and Q,, is the capacity of internal
heat sources associated with the external heating of tissue [9]
while subscripts t and b represent tissue and blood, respectively.
Adding both (1) and (2) equations, the following equation can be
obtain

£p,C, % +(1-¢)pg, % +&p,C,V - VT, =g\, VT,

+(1-e)A VT, +eQ,, +(1-2)Qp, + Q,

In this paper is assumed that the coupling factor is equal to
G = Aa + wc, and also that before reaching the equilibrium
temperature of tissue and blood, the blood temperature changes
according to the Minkowycz hypothesis [10]

©)

oT,
€pyGy —>=G (Tt _Tb) 4)
ot
Based on (4) the temperature of tissue is described as follows
Sprb ﬂ (5)
G ot

Using (5) and (3), after some mathematical operations
the equation for blood temperature can be written in the form

T =T,+

artykut recenzowany/revised paper
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o,
[epscy +(1- S)ptc] +(1-¢)p, tgpé P+ Ep GV VT,
~ [k, +(1_g)xt]Vsz+%§(vab) ©

+Q,, +(1-¢)Q, + Q.

Now, the effectiveness parameters can be introduced:
A, =8k +(1-€)A, @)
and
C. =¢pC, +(1—¢)pg, (8)

Assuming the following form of relaxation time and the
thermalization time

_ 8(1 _a)pt G pbcb

a . ©)
e(1—-€)ApyC,
= "2 10
Tr G, (10)
the equation (6) can be written as follows
2
Ce[aT +1 9 -I;b j +ep, G,V VT, =L V7T,
ot ot
(11)

s 2T R0 0,

In equation (11) the unknown is the blood temperature.
To determine the equation where only unknown is the tissue
temperature the dependence (5) should be transform

Tb :Tt _ 8pbcb ﬂ
G ot

Based on (11), (12) and after some mathematical operations

the equation for tissue temperature is described as follows

c [01 T,

(12)

ot T ot?
G(T,-T,)+eQ +(1-¢€)Q, +Q, + (13)

C
(ljl)e |:88me +(]_8)6th +6Qiexj|
pc L ot ot ot

] xv2T+mT§( T)+

2. Concept of thermal dose

Knowledge of time — dependent temperature field during
the thermal treatment allows one to determine the thermal dose TD
in terms of equivalent minutes at temperature 43°C. In particular,
the following equation should be taken into account [14]

t" FE .
D= j R®Tdt=Y R“" 41 (14)
t0 f=1

where t°, t© correspond to the initial and final times, respectively,

fis the temperature at the point considered for time t', At is the
time step, R =0 for T <39 °C., R=0.25 for 39 °C. < T < 43 °C.
and R =0.5 for T >43 °C. The TD value required for total necrosis
in a case of muscle tissue (this type of soft tissue is considered
here) is equal to TD = 240 minutes [14].

3. Formulation of the problem

Assumed model is shown in figure 2. The domain of healthy
tissue € is a cube with edge length of 0.05m and centrally
located subdomain of the tumor Q, with edge length of 0.01 m.
The considered domain includes the blood vessels arranged in the
direction of the X axis.

The thermophysical parameters of tumor and healthy tissue
are assumed to be the same, so only one equation describing
the temperature field in domain Q = Q; U Q, is considered.
The external heating of tissue is a constant function
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(xy,2)eQ: Q,(xY,z,t)=0

, <t 15
(X’y’Z)EQZ: Qex(x,yxZ,t):{QU ( )

0, tx>t,

where Qg is constant nonzero component and t, is duration
of heating (exposure time).

1y blood flow

blood vessels

\N

Q, tumor (heating zone)

Q, healthy tissue
Fig. 2. Domain considered

4. Methods of solution

Assuming constant value of metabolic heat source and using
formula (15) the equation (13) can be written in the form

C, @+c N =0 V2T, + A1, 6( V)
ot ot (16)
+G(T, —'I'[)+aQmb +(1-€)Q, + Q.
This equation is supplemented by boundary condition
-ANn-VT(X,Y,z,t)=0 17

where n is the normal outward vector [3]. The initial conditions
are as follows

aT(x,y.z,t)
ot

where T, is the initial temperature of tissue.

Let T'=T.(x,y,z fAt) where At is the time step [7]. Then,

for time t'=fAt (f>2) the following approximate form
of equation (16) can be proposed

t=0: T(xy,zt)=T, =0 (18)

C(At+t,)_, _C(at+2r)-G(at)
(Aty’ (Aty’
_ CTqZTf—2+}\’(At+TT)V2Tf—1_ﬁVZTPZ (19)
(At) At At
+GT, +eQ,, +(1-€)Q,, + Q.

For simplification of notation the subscripts t and e are here
omitted. The uniform grid of dimensions n x n x n is introduced
and then the finite difference equation for internal node (i, j, k) has
the following form [6]

c(at+r,)_, C(At+21q)—G(At)ZTH
(A M (At)’ h
C AAt+
_ qu ifjsz ( TT) 2T| fl k1 Aty VZTI fl kz (20)
(At) “ At At
+GTb +8me +(1_8)Qm1 + Qex
where:
Vz-l-ivsj Tiljk 21};2 .k +T|+1 ik
. . (21)
Tijlk 2TJk+TIJ+lK lekl 2Tjk+TIJk+1
+ h2 + hz
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while s=f—1or s=f-2 and h is the constant grid step. Finally,
the temperature at the node (i, j, k) is calculated from

Ch?(At+21,)-Gh? (At)’ - 6MAL(At+1,) _,

f - ._1
chi(at+r,)
(At)°[GT, +£Q,, +(1-£)Q,, +Q, |
+ (22)
C(At+1:q)
MAL(At + 1, ) - devl - AAtr, - dev2 — (Ch’r, — 6)Atr, )T,
+
Ch*(At+1,)
where
devl= (-I-Iil_i k +T|i1_} k +Tifj_jlk +Tifj:11k +Tifj_k1—1 +Tifj_k1+1) 23)
” v o o o - 23

dev2= (lel_ j?,k +T|i1_ j?,k +Ti,fj_—ik +Ti,fj_+ik +Ti,fj,_k2—l +Ti,fj,_k2+l)

It should be pointed out that in the case of explicit scheme

application a criterion of stability should be formulated.

The solving system is stable if the coefficients in the difference

equations (22) for time t'~ are non-negative. Hence it results that
the following coefficient must be positive

Ch? (At +21,)-Gh? (At)" - 6AAL (At +1,)
Ch? (At +1, )

>0 22)

5. CPU parallel algorithm

All the time steps must be performed consecutively so the
time loop can’t be divided into the parallel calculation.
Temperature calculations at all nodes in each time step
are executed in three nested loops: in the x direction, in the y
direction and in the z direction. These calculations can be easily
divided into the parallel because all temperatures at the points are
calculated based on the f— 1 and f — 2 time steps. In figure 3 the
example of parallelization of CPU calculations is shown.

The number of threads “q” depends on the CPU cores.
TIME STEP
thread 1 thread 2 thread g
fori: 0...s1 for iz s1...82 for i: Spq..n
forj:0..m forj:0..m forj: 0..m
for k: 0...p for k: 0..p fork: 0...p
Tijk= e Tijk= o Tij=ene

Fig. 3. CPU parallelization of calculations
6. GPU parallel algorithm

To achieve acceleration of computing time the CUDA
technology of NVidia was implemented in computer program.
This platform allows to use the graphics processing unit (GPU)
for scientific computing. Unlike the CPU, the graphics processor
is made up of hundreds of thousands cores (Fig. 4). Each of these
cores may perform calculations independently.

ALU | ALU

Control

ALU ALU

I

Fig. 4. Model of CPU and GPU [5]
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The main limitation of graphics cards is the speed of copying
data from the host to the device and the access time to data in the
memory. The idea of using the GPU to accelerate the calculations
associated with the finite difference method application is based
on the fact that in each successive time steps the calculated data
are new data for next time step, so it is not necessary to copy these
data from the host to the device. The program algorithm
is presented in figure 5.

The next very important factor which haves major impact
on application efficiency is the idea of using shared memory.
The global memory of the device has long access latencies and
finite access bandwidth. Unlike to the previously, shared memory
can be accessed at very high speed. The biggest problem in use
of shared memory is limited amount of this memory [13].

Start

Get data

Set with T
arrayf—1
array f—2

Allocate memory in device:
arrayf

arrayf-1

arrayf-2

Copy data from host to device:
arrayf-1
arrayf-2

Set memory in device:
temp = array f—2
arrayf—2=arrayf—1
arrayf—1=arrayf
array f=temp

In device:
‘calculate array f

Copy data from device
to host: array f

Fig. 5. Algorithm

Data for time steps f, f— 1 and f— 2 are stored in the memory
as one dimensional arrays. In chosen approach each thread block
loads a tile of data from those arrays. Proper choice of tile
dimensions required some experimentations. It was decided to use
a 4 x 4 x 25 block size. Then for calculated all nodes temperature,
the two arrays, in each threads blocks, from previous time steps
of size 6 x 6 x 27 are required (fig. 6).

The part of the code of the device kernel function, which
copies the data from the global to the shared memory
and calculates node temperature is shown on figure 7. After
determining the temperature, for every node the thermal dose was
also calculated.
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Fig. 6. Array of data from f-1 time step in shared memory

__global  void TimeStepKernel (float
*arrF, const float
*arrFl, const float *arrfF2,
Args arg)
{
_ _shared  float sF1[6][6][27];
__shared  float sF2[6][6][27];
int dimI = arg.dimI;
int dimJ = arg.dimd;
int dimK = arg.dimK;
int tx = threadIdx.x;
int ty = threadIdx.y;
int tz = threadIdx.z;
int 1 blockDim.x * blockIdx.x + tx;
int jJ blockDim.y * blockIdx.y + ty;
int k = tz + arg.shift;

sF1[tx+1] [ty+1][tz+1l] =
arrFl[i*dimJ*dimK+j*dimK+k] ;
sF2[tx+1] [ty+1][tz+1l] =
arrF2 [i*dimJ*dimK+j*dimK+k] ;
__syncthreads() ;

arrF[i*dimJI*dimK+j*dimK+k] =
arg.A * sF1[tx+1][ty+1l][tz+1l] + arg.B
*
(sFl[tx] [ty+1l][tz+1l] +
sF1[tx+2] [ty+1] [tz+1] +
sF1[tx+1][ty] [tz+1l] +
sF1[tx+1] [ty+2] [tz+1] +
sF1[tx+1] [ty+1][tz] +
sF1[tx+1] [ty+1][tz+2]) -
arg.C * (sF2[tx][ty+1l][tz+1l] +
sF2[tx+2] [ty+1] [tz+1] +
sF2 [tx+1][ty]l[tz+1] +
sF2[tx+1] [ty+2] [tz+1] +
sF2 [tx+1] [ty+1][tz] +
sF2[tx+1] [ty+1][tz+2]) - arg.D *
sF2[tx+1] [ty+1][tz+1l] + arg.F + arg.E
* Qe;
__syncthreads() ;

Fig. 7. Device kernel function
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7. Results

In numerical computations the following values of parameters
have been assumed: thermal conductivity of blood 2, thermal
conductivity of tissue A = 0.5W/(mK), blood density
pp = 1060 kg/m?, tissue density p,= 1000 kg/m®, specific heat
capacity of blood c, = 3770 J/(kgK), specific heat capacity
of tissue ¢, = 4000 J/(kgK), metabolic heat source (of tissue and
blood) Qmy= Qm = 250 W/m®, blood temperature T, = 37°C,
initial temperature T, = 37°C, porosity & = 0.0137
and G = 27097.8 W/(m® K). The values of phase lag times T4 and
tr were determined using formulas (9) and (10). The spatial
discretization creates 500x500x500 nodes and time step is equal
to At = 0.01 s. Following heating condition have been taken into
account [9]: 35 s heating with a power density of 1 MW/m®,

The program has been running on a computer with
the processor Intel Core i7-3960X and the graphic card GeForce
GTX 680. The processor has the six cores, each with two threads
and the clock speed 3.3 GHz. The graphics processing unit has
1536 CUDA cores with base clock 1006 MHz and 2048 MB
of global memory.

In figure 8 the temperature history at the central node of cube
is presented. One can see that in the cube the maximum
temperature 44°C. occurs and the temperature above 43°C
is maintained only by 18 seconds.
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Fig. 8. Temperature history at central node of cube

Figure 9 illustrates the temperature distribution at the cross
section (z = 0) after 10 second. The temperature above 37°C
is just inside the tumor region.
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Fig. 9. Temperature distribution at the central part of cross section after 10s
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In Figure 10 the temperature distribution in the cross section
of the cube after 35 second is shown. In healthy tissue
the temperature above 37°C appeared.
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Fig. 10. Temperature distribution at the central part of cross section after 35s

After 60 seconds the temperature began to decrease — figure
11, but in the healthy tissue, there is still the temperature above
37°C. Also, more of the area Q, is occupied by the elevated
temperature.
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Fig. 11. Temperature distribution at the central part of cross section after 60s

After 100 seconds the temperature in the entire domain is less
than 39°C (figure 12).

0.015 - . ‘ ! p
44

) oS OSSO OO ST 2 i
43

(R — L A |
42
T I 41
140

0,005+ |
39

001+ |
38

A i . ‘ : i

J.%S@li 001 0,005 0 0005 o 018 17

Fig. 12. Temperature distribution at the central part of cross section after 100s

In figure 13 the thermal dose history at the central node
of the cube is presented. It is clearly that TD rise is meaningful
in time from 25 to 60 seconds. After this time the thermal dose
rise a little. It should be noted that values of thermal dose do not
exceed 240 minutes.

ISSN 2083-0157

Thermal dose 770

0 5 10152025

"
(5]
o
["5)
¥
e
[
e
L
L
o
L
¥
(=,
[
(=
v

)
[

1
¥
[r]
o
(e
(¥
=)
o
k=]
¥
—_
o
[

time [s]
Fig. 13. Thermal dose history at central node of cube

In figure 14 the distribution of thermal dose in the central
cross section is presented. It can be seen that all elevated values
are inside the region Q.
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Fig. 14. Thermal dose distribution at the central part of cross section after 60s
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Fig. 15. Thermal dose distribution at the central part of cross section after 100s

Most important thermal dose distribution is after 100s because
then the temperature decreases under 39°C and then
the coefficient R in the thermal dose concept is equal to zero.
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This distribution is presented in figure 15. It should be
emphasized that all values of TD above 0 minutes are still inside
the tumor region. This means that the healthy tissue is heated, but
it does not receive a significant thermal dose.

As previously mentioned, the time step is equal to At =0.01s,
while the analysis time is equal to 100s. Thus, the amount of time
steps is equal to 10,000. Assumed number of nodes is equal to
500 x 500 x 500, so the number of temperatures which is
necessary to calculate in each time step is equal to 125,000,000.

Computer  program, which used only the CPU,
all the calculations has been performed during 37 minutes
and 43 seconds, at 95% of CPU utilization (Fig. 16).

Computer program which used not only CPU but also GPU,
the same calculations has been performed during 14 minutes
and 1 second. As can be seen, the acceleration of calculations
is very significant.
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Fig. 16. CPU utilization (without using CUDA)

Table 1 provides a comparison of calculation times
for different spatial discretizations. In all variants the same time
step has been assumed. When changing the discretization for
100 x 100 x 100 the tile sizes also have to be changed
(2 x 2 x 25), of course. The maximum difference between the
results of the GPU and CPU calculations was below 1.6:10°°.

Table 1. Times of calculations

Spatial discret- Calculation time Acceleration
ization GPU cPU CPU/GPU
500 x 500 x 500 14min 1s 37min 43s 2,7
100 < 100 x 100 8s 21s 25
50 x 50 x 50 2,6 6,4 2,46

8. Results

In this paper the bioheat transfer process in three dimensional
domain including the healthy tissue and the tumor region has been
considered. Some simplifications were adopted, for example: very
regular tumor shape and heating only in domain Q.

As can be seen in figures 9 — 12, the temperatures above 37°C.
occur not only in the tumor, but also in the area of healthy tissue.
During the treatment it is very important to prevent damage of
healthy tissue and to provide adequate thermal dose
in the tumor region. For a patient, the long duration of heating at
high temperature will induce a feeling of discomfort and pain [8].
Based on the received thermal dose distribution it can be seen that
not only the temperature is important, but also the exposure time.
Figures 14 and 15 show that the thermal dose values above
zero minutes are cumulated inside domain Q;.

IAPGOS 1/2014 53

Using CUDA platform significantly speeds
up the calculations. Calculations on graphics processing units
should be implemented to the program, which repeatedly performs
the complex analysis.
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ANALIZA ZAKLOCEN W SIECIACH ELEKTROENERGETYCZNYCH
WYWOLANYCH WYLADOWANIAMI PIORUNOWYMI

Mariusz Benesz, Rafal Tarko
AGH Akademia Gorniczo-Hutnicza im. Stanistawa Staszica w Krakowie, Wydzial Elektrotechniki, Automatyki, Informatyki i Inzynierii Biomedycznej,
Katedra Elektrotechniki i Elektroenergetyki

Streszczenie. W artykule przedstawiono ztozonos¢ problematyki analizy stanow nieustalonych napigé pojawiajgcych si¢ w ukladzie elektroenergetycznym
wskutek bezposrednich wyladowan piorunowych do elementéw konstrukcyjnych linii napowietrznej. Analiza zakiocer eksploatacyjnych wywolanych
wyladowaniami piorunowymi dotyczy ukladu elektroenergetycznego o napieciu znamionowym 110 kV. Przedstawione wyniki stanowiq przykiad analizy
narazen napigciowych ukladow izolacyjnych aparatow stacyjnych 7 uwzglednieniem roznych wariantow zastosowanej ochrony przepieciowej
w analizowanej stacji. Symulacje opisywanego zaktécenia zostaly dokonane przy pomocy programu The Electromagnetic Transients Program - Alternative
Transients Program (EMTP-ATP).

Stowa kluczowe: zaklocenia, efekty falowe, wytadowania piorunowe, EMTP-ATP

ANALYSIS OF DISTURBANCES IN ELECTRIC POWERS SYSTEMS
CAUSED BY LIGHTNING DISCHARGES

Abstract. This paper deals with analyzing specific transient states of voltages in electric power systems of high voltages. The paper presents the results
of the analysis of operational disturbances caused by lightning discharges in 110 kV power system. Furthermore, the analysis results of lightning surges
as well as the optimization results of a surge protection system installed in a 110 kV substation are presented. A model of an electric power system
(overhead lines and substation) and all simulations were performed using computer software Electromagnetic Transients Program-Alternative Transients
Program (EMTP-ATP). This model is based on a set of appropriately connected elements (distributed and lumped parameter elements) taking wave effects

and nonlinear effects into consideration.

Keywords: disturbances, travelling waves, lightning discharges, EMTP-ATP

Wstep

W systemie elektroenergetycznym wystepuja zaktocenia
cksploatacyjne, mogace doprowadzi¢ do  uszkodzenia
zainstalowanych w nim aparatow i urzadzen. Jednym z zaklocen
sg przepigcia, bedace niezamierzonymi eksploatacyjnie wzrostami
napie¢ powyzej najwyzszych dopuszczalnych napig¢ roboczych.
Moga one prowadzi¢ do degradacji lub uszkodzenia uktadoéw
izolacyjnych urzadzen.

Najistotniejszymi z punktu widzenia zagrozen ukltadow
izolacyjnych sa przepiecia wywolane przez wyladowania
piorunowe. Charakteryzuja si¢ one krotkim czasem trwania (rzgdu

kilkuset mikrosekund), duzymi wartoSciami szczytowymi
(dochodzacymi do kilku megawoltow) oraz znacznymi
stromosciami narastania (rzgdu kilku megawoltow

na mikrosekundg).

Przepigcia atmosferyczne powstawaé moga zaréwno jako
efekt indukcji elektromagnetycznej wywotanej przeptywem pradu
w kanale pioruna, jak réwniez jako skutek bezposrednich uderzen
pioruna do obiektow elektroenergetycznych.  Stosowana
w stacjach elektroenergetycznych ochrona odgromowa powoduje,
ze bezposrednie uderzenie pioruna do urzadzen stacyjnych jest
niemozliwe. Rowniez linie wysokich i najwyzszych napigé
wyposaza si¢ w ochrong w postaci przewodow odgromowych.

Ochrona odgromowa linii nie jest catkowicie niezawodna,
a tym samym mozliwe jest uderzenie pioruna w przewod fazowy
i powstanie fali udarowej napigcia, stanowigcej zagrozenie
nie tylko dla izolacji linii, ale réwniez przytaczonych do niej
stacji. O poziomie przepig¢ atmosferycznych decyduja warunki
ich powstawania w linii, a takze efekty falowe wewnatrz stacji
oraz zastosowane $rodki ochrony przeciwprzepigciowej. Jezeli
wyladowanie piorunowe zostanie przechwycone przez przewody
odgromowe linii, to istnieje ryzyko, ze w niesprzyjajacych
warunkach nastapi utrata wytrzymatosci elektrycznej uktadu
izolacyjnego, nazywana przeskokiem odwrotnym.

W artykule przedstawiono analiz¢ pewnego zaktdcenia w sieci
110 kV wywolanego wytadowaniami piorunowymi do linii
zasilajacej stacje elektroenergetyczna. Konsekwencja tego
zdarzenia byto uszkodzenie aparatury stacyjnej. W celu dokonania
analizy omawianego zaklocenia opracowano w programie EMTP-
ATP model fragmentu sieci elektroenergetycznej. Opracowany
model uwzglednia istotne z punktu widzenia prowadzonej analizy
zjawiska fizyczne zachodzace w analizowanym uktadzie.

1. Opis analizowanego zaklécenia

Przedmiotem analizy jest sie¢ o napigciu 110 kV, ktorej
schemat przedstawiono na rysunku 1. W sieci tej znajduje
si¢ stacja 110 kV/SN (ST3) zasilana dwoma jednotorowymi
liniami 110 kV (L1, L2) ze stacji ST1i ST2.
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Rys. 1. Schemat rozpatrywanej ukladu sieci 110 kV (ST - stacja elektroenergetyczna,
L - linia napowietrzna, O - odlgcznik, PP - przekladnik pradowy, PN - przekiadnik
napigciowy, W - wylqcznik, OP - ogranicznik przepigé, Tr - transformator)

W analizowanym uktadzie sieci 110 kV doszto do ztozonego
zaktocenia bedacego konsekwencja bezposrednich
wytadowan piorunowych do elementéw konstrukcyjnych linii
napowietrznej L2. Efektem opisywanego zaklocenia bylo
uszkodzenie wylacznika W3 znajdujacego si¢ w polu liniowym
stacji ST3.

Odtworzenie mozliwego scenariusza zaistniatego zaklocenia
byto mozliwe na podstawie zarejestrowanych przebiegéw pradow
i napi¢¢ w stacjach, do ktorych przytaczona jest linia L2. W czasie
opisywanych zakldécen w okolicy panowala burza z licznymi
wyladowaniami piorunowymi, ktoére niewatpliwie przyczynity
si¢ do powstania omawianego zaktocenia — potwierdzaja to wyniki

rejestracji  systemu  automatycznej  detekcji  wyladowan
piorunowych (LIMET).
Na  wskutek  wyladowania  piorunowego do linii

elektroenergetycznej L2 doszto w niej do zaktocenia w postaci
zwarcia jednofazowego. Zakldocenie to zostalo wyeliminowane
poprzez zadziatanie automatyki zabezpieczeniowej
przez obustronne wytaczenie linii w stacjach ST2 i ST3. Po okoto
170 ms od tego zaktocenia, doszto do ponownego uderzenia
pioruna w linig L2, w konsekwencji ktorego doszlto
do uszkodzenia aparatury stacyjnej w stacji ST3.

artykut recenzowany/revised paper
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2. Model analizowanej sieci elektroenergetycznej

W celu analizy zaklocenia przedstawionego w rozdziale
1 opracowano w programie EMTP-ATP model systemu 110 kV,
przedstawiony na rysunku 1. Model ten zloZzony jest z modeli
czastkowych odzwierciedlajacych wlasciwosci poszczegdlnych
elementow konstrukcyjnych oraz istotne z punktu widzenia
prowadzonej analizy  zjawiska fizyczne zachodzace
w analizowanym uktadzie [4, 5, 7, 8]. Model sktada si¢ z dwoch
zasadniczych czgéci: 1) modelu linii L1 i L2; 2) modelu rozdzielni
110 kV.

Linie napowietrzne odwzorowano jako zbidr szeregowo
potaczonych modeli czastkowych. Uwzgledniaja one zasadnicze
zjawiska zachodzace podczas wytadowania piorunowego do linii.
Fragment modelu linii przedstawiono na rysunku 2. Wyrdznié
w nim mozna modele przgset linii oraz modele zjawisk
zachodzacych w konstrukcjach wsporczych.

Model przgsta linii (elementy MP na rysunku 2) odwzorowano
w programie EMTP-ATP jako wicloprzewodowe linie dlugie
o parametrach zaleznych od czgstotliwosci. W modelu konstrukeji
wsporczej uwzglgdniono trzy istotne zjawiska: efekty falowe
w konstrukcji wsporczej, zjawiska nieliniowe w uziomie stupa
oraz wytrzymato$¢ udarowa izolacji linii. Model konstrukcji
wsporczej zawiera wige trzy elementy (rysunek 2) [1, 7, 8]:
element MKW stanowigcy model zjawisk falowych
w konstrukcji wsporczej, odwzorowany jako
jednoprzewodowa bezstratna linia dtuga;
element MU stanowigcy model uziomu konstrukcji wsporczej
podczas przeptywu pradu pioruna, ktéry odwzorowano
w oparciu o0 wytyczne CIGRE i IEEE;
element MWU stanowigcy model wytrzymato$ci udarowe;j
izolacji linii napowietrznej; model ten opracowano w oparciu
o metode rozwoju lidera LDM.

Stacje  elektroenergetyczng  odwzorowano jako  zbidr
elementow odzwierciedlajacych poszczegdlne aparaty
i urzadzenia elektroenergetyczne, stanowigce wyposazenie stacji.
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Fragment modelu stacji elektroenergetycznej, wykonany przy
uzyciu programu EMTP-ATP, zostal przedstawiony na rysunku 3.
Model stacji elektroenergetycznej opracowano w oparciu
o nastgpujace zalozenia [2, 8]: przewody laczace (do 15 m
dhugosci) odwzorowano jako indukcyjno$é o wartosci 1 puH/m,
przewody taczace (ponad 15 m dtugo$ci) odwzorowano je jako
modele linii wieloprzewodowej o parametrach roztozonych,
pojemnosci doziemne zainstalowanych urzadzen odwzorowano
jako pojemnosci o wartosciach z zakresu 100 pF — 1 nF,
transformatory  przedstawiono jako réwnolegle potaczona
pojemno$¢ 1 rezystancje. Istotnym elementem jest model
ogranicznikow przepie¢. Dla przepie¢ atmosferycznych, model
ogranicznika powinien uwzglednia¢ zjawiska fizyczne zachodzace
w strukturze warystorow. Modelem, ktory ma zastosowanie
w analizie przepig¢ atmosferycznych, jest migdzy innymi model
proponowany przez IEEE [9].
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Rys. 2. Fragment modelu linii napowietrznej wykorzystany w badaniach

symulacyjnych (PF — przewdd fazowy, PO — przewéd odgromowy, MP — model
przesta, MWU — model wytrzymatosci udarowej izolacji, MKW — model konstrukcji
wsporczej, MU — model uziomu)
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3. Wyniki przeprowadzonej analizy

Opracowany model sieci 110 kV stal si¢ podstawa analizy
narazen  eksploatacyjnych ~ wywotanych  wyladowaniami
piorunowymi do linii zasilajacej stacj¢. Podczas badan
symulacyjnych wykorzystano model pradu pioruna o ksztatcie
przedstawionym na rysunku 4. Model ten zostal odwzorowano
za pomocg zrodta pradu o wklestym czole i zmiennej wartosci
maksymalne;j.

0_ ............................................................................
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Rys. 4. Model ksztattu prqdu pioruna wykorzystany w badaniach symulacyjnych

Celem przeprowadzonych symulacji byla ocena poziomu
przepie¢ w stacji elektroenergetycznej 110 kV, wywotanych
bezposrednim wyladowaniem piorunowym do linii napowietrzne;j
L2. Przyjeto nastepujace zatozenia:

e przepigcia docierajace do stacji wywolane sg wyladowaniami
piorunowymi do linii napowietrznej L2;

e w mys$l teorii elektrogeometrycznej [5] mozliwe jest uderzenie

pioruna w przewod fazowy linii, jezeli warto$¢ szczytowa jego

pradu jest mniejsza od warto$ci krytycznej; przeprowadzona

analiza wykazala, ze warto$¢ ta wynosi 9,79 kA;

przy wytadowaniach pioruna do stupow lub przewodow

odgromowych mozliwe jest wystapienie przeskoku odwrotnego

[3, 6, 7] bedacego przyczyna przepigé w stacji; Przeprowadzona

analiza wykazata, ze krytyczna warto§¢ szczytowa pradu

powyzej ktorej zjawisko to wystepuje wynosi 116,5 kA;

o wyladowanie piorunowe do linii L2 jest w odleglosci 350 m od
stacji ST3.

e w analizie uwzglednia si¢ najmniej korzystny wplyw
przemiennego napiecie roboczego linii 110 kV;

e nicliniowe wtasciwosci uziemienia konstrukcji wsporczej
odwzorowano  przy  pomocy  nieliniowej  rezystancji
0 charakterystyce wyznaczonej na podstawie wartosci

rezystywnosci gruntu p = 300 Qm i rezystancji statycznej
uziemienia Rt =10 Q [1,2].

e obliczenia przeprowadzono dla warto$ci rezystancji uziemienia
stacji Rst = 0,56 Q;

e analiza dotyczy stanu rozdzielni po zadzialaniu automatyki
zabezpieczeniowej w  wyniku  zaistnialego  zakldcenia
przedstawionego w rozdziale 1l (otwarty wytacznik W3
w polu liniowym stacji ST3).

Celem analizy byto wyznaczenie

w charakterystycznych miejscach rozdzielni:

o w punkcie przytaczenie linii L2 do rozdzielni ST3;

¢ na stykach otwartego wytacznika W3;

¢ na zaciskach transformatora Tr2.

e Rozwazono dwa warianty ochrony przeciwprzepigciowe;:

e wariant 1: ograniczniki przepi¢¢ zainstalowane sa tylko
w polach transformatorowych stacji (wariant istniejacy);

e wariant 2: ograniczniki przepie¢ zainstalowane sa w polach
liniowych i transformatorowych stacji.

przepieé
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Na rysunkach 5-7 przedstawiono wybrane przebiegi czasowe
przepig¢ ~ w  charakterystycznych  punktach  rozdzielni.
Pokazuja one zlozone zjawiska falowe zachodzace wewnatrz
rozdzielni. Na ksztalt i warto$ci szczytowe przepig¢ wpltywa
wiele czynnikdw, przy czym najistotniejszym z nich
jest  zastosowana ochrona przepigciowa. Zainstalowanie
ogranicznikow przepie¢ tylko w polach transformatorowych
powoduje obnizenie przepig¢é na zaciskach transformatora,
lecz jednocze$nie skutkuje znaczaca intensyfikacja przepieé
w pozostatych miejscach rozdzielni — rysunek 8. Z tego powodu
bezwzglednie ~ wymagane  jest  rowniez  zastosowanie
ogranicznikow w polach liniowych.
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Rys. 5. Zarejestrowane przebiegi czasowe napigcia w polu liniowym stacji ST3
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Rys. 6. Zarejestrowane przebiegi czasowe napigcia na stykach otwartego wylgcznika
W3 w polu liniowym stacji ST3

Z przedstawionych na rysunku 8 wartosci szczytowych
przepie¢ wynika, ze przy zastosowaniu ogranicznikow przepigé
tylko w polach transformatorowych, mozliwe jest wystapienie
na zaciskach otwartego wylacznika W3 przepie¢ o wartosciach
szczytowych znacznie przekraczajacych wytrzymato$¢ udarowa
piorunowa wylacznika wynoszaca 550 kV. Moze to skutkowaé
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przebiciem przerwy migdzystykowej wytacznika W3, a w efekcie
prowadzi¢ do podania napigcia roboczego od strony rozdzielni
ST1 na zwarcie powstate w wyniku uderzenia pioruna do linii L2.
Konsekwencja tego moze by¢ przeptyw pradu zwarciowego
i uszkodzenie wylacznika W3. Mozna wigc sformutowaé wniosek,
ze przyczyng uszkodzenia wylacznika W3 byl brak wiasciwej
ochrony przepigciowej rozdzielni ST3.
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Rys. 7. Zarejestrowane przebiegi czasowe napigcia na zaciskach transformatora TR2
w stacji ST3
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Rys. 8. Poziomy narazen napigciowych w wybranych punktach stacji ST3
(Uw — wytrzymywane napigcie udarowe izolacji wylgcznika W3, Ug;o - napiecie
obnizone ogranicznika przepieé dla prqdu wyladowczego 10 kA i ksztalcie 8/20 s;
wariant 1a, 2a — zawodnos¢ ochrony odgromowej linii; wariant 1b, 2b — przeskok
odwrotny)
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4. Podsumowanie i wnioski

Bezpo$rednie wyladowania piorunowe w przewod fazowy
linii napowietrznej, a takze przeskok odwrotny, moga stanowié
zrodto  przepie¢ o znacznych wartosSciach  szczytowych.
Szczegblnie groznym przypadkiem jest sytuacja, w ktorej nie
stosuje si¢ ogranicznikow przepig¢ w polach liniowych stacji.
Pojawiaja si¢ wowczas przepigeia, ktorych wartoéci moga
znacznie przekracza¢ udarowa wytrzymatos¢ izolacji stosowanych
urzadzen.

Z analizy narazen przepigciowych rozpatrywanej sieci 110 kV
wynika, Zze najbardziej prawdopodobng przyczyng uszkodzenia
zainstalowanego w tej rozdzielni wytacznika byl brak wiasciwej
ochrony przepigciowej rozdzielni.
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Abstract. The article constitutes an introduction to IPv6 protocol and is a review of the existing approaches to ensure the coexistence of IPv6 and IPv4,
on the example of homogeneous Cisco network infrastructure. In the first paragraph, the IPv6 protocol has been characterized and compared to the IPv4.
Then, concepts connected with 1Pv6 addressing have been described. As the main part, it has been discussed methods to provide the coexistence of the two
IP protocols. It has been characterized the primary option which is the dual stack, two types of both point to point and multipoint tunnels and finally -
address translation NAT-PT.
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PROTOKOL IPv6 - CHARAKTERYSTYKA | PROPONOWANE METODY WDROZENIA
W ISTNIEJACYCH SIECIACH IPv4 KORZYSTAJACYCH Z ROUTEROW CISCO

Streszczenie. Artykul stanowi wprowadzenie do protokotu IPv6 oraz jest przeglgdem istniejgcych podejsé dla zapewnienia wspdlistnienia 1Pv6 i IPv4,
na przykiadzie homogenicznej infrastruktury sieciowej Cisco. W pierwszym rozdziale scharakteryzowano protokét IPv6 i porownano go z IPv4. Nastgpnie
opracowano koncepcje zwigzane z adresowaniem IPv6. W gléwnej czesci opisano metody do zapewnienia koegzystencji dwdch protokotéw IP.
Scharakteryzowano podstawowq opcje jakq jest podwdjny stos, po dwa rodzaje tunelowania punkt-punkt i punkt-wielopunkt oraz w koricu translacje

adresow NAT-PT.

Stowa kluczowe: sieci komputerowe, sieci IP, protokoty

Introduction

Widespread use of computer networks and rapid growth
of the Internet in recent years has caused the exhaustion of IPv4
addresses. Despite use of various techniques aimed at economical
use of available pool, such as NAT, depletion of available addresses
could not be avoided, but only moved in time. This situation has
induced intensification of interests in IPv6 protocol. This protocol
both increases available amount of addresses and also introduces
several important changes in comparison to well-known IPv4 [1].

Migrating billions of computers and other network devices
from IPv4 to IPv6 is not possible immediately. This process will
take many years and knowing that, network equipment
manufacturers have developed tools that allow coexistence of two
versions of IP, both on the Internet and in local area networks.
Cisco - one of the largest manufacturers of network devices - in
I0S operating system, used by routers and switches, has
implemented a number of interesting methods to ensure smooth
functioning of both IPv4 and IPv6. These methods are: dual stack,
point to point tunneling (manually configured tunnels and GRE
tunnels), point to multipoint tunneling (6to4 tunnels or ISATAP
tunnels) and NAT-PT mechanism [2].

In the article have been discussed important issues
of transitioning from IPv4 to IPv6, which many companies will
have to deal with. In the first part, the IPv6 protocol has been
characterized and compared to the IPv4. Also, concepts connected
with IPv6 addressing have been described. In the second part
it has been discussed methods to provide the coexistence of the
two IP protocols. It has been characterized the primary option
which is the dual stack, two types of both point to point
and multipoint tunnels and finally - address translation NAT-PT.

1. 1Pv6 protocol
1.1. Differences between IPv6 and IPv4

An IPv4 address is 32 bits long and is represented by decimal
characters. An IPv6 address is 128-bit binary value and can be
written as 32 hexadecimal characters. Apart from this fundamental
difference connected with providing a sufficiently large number
of available addresses, IPv6 introduces many improvements
and enhancements in comparison to its precursor. The most
important are: addressing reformation, simplification of the header
being added in an encapsulation process, improved security issues
and a wide range of migration strategies [1].

Table 1. IPv4 and IPv6 — a short comparison

IPv4 IPV6
Address size 32 bits 128 bits
Address example 192.168.10.101 2001:db8a::3257:9652
Number of address 4.294.467.295 3,4*10%
Header size 20 octets 40 octets
QoS Type of service field Flow label field
Control messages ICMP ICMPV6
Checksums Present Moved to data link layer
Agidress_ Manual or DHCPvA Manual, DI_-|CPV§ or auto-
configuration configuration

Reformed addressing means no broadcast messages, ability
to have multiple IPv6 addresses on a single physical link, which
increases the reliability of connections and also auto-configuration
with use of data link layer address. The simplification
of the header has been realized by reducing number of fields to 8
and simultaneous increasing of its size to 40 octets (see Fig. 1).
Smaller number of fields and no need for processing checksums
allows to increase efficiency of routing [2].

IPv4 Header IPv6 Header
HL | Type of Total Length Traffic Flow Label
Service Class
Identification Flags| Frag
Offset Payload Length | Next Hop
Time Protocol Header Header Limit
to live Checksum

Options Padding

Legend
- Field names kept from IPv4 to IPv6

() -Fields not kept in IPv6

([ -Name & position changed in IPv6
@D -New field in IPv6

Fig. 1. IPv4 and IPv6 headers [2]
1.2. IPv6 addressing concepts

As mentioned before, an IPv6 address is 128-bit binary value,
being written as eight groups of 16-bit values separated by colons.
IPv4 addresses had fixed notation. The IPv6 addresses does not
require a complete disclosure. It can be shortened according
to certain rules. An example of IPv6 address and the way
of shortening it is shown in Fig. 2 [2].

artykut recenzowany/revised paper
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2031:0000:130F:0000:0000:09C0:876A:130B

2031: 0:130F: 0: 0: 9C0:876A:130B

2031:0:130F:0:0:9C0:876A:130B

2031:0:130F::9C0:876A:130B

Fig. 2. Method of IPv6 address shortening [2]. In the first phase leading zeros have
been removed. In the second phase, neighboring fields made up of zeros have been
replaced by two colons

In general, there are two rules. First, says that the leading
zeros in a field does not require to be written (e.g. field 0000 can
be written as 0 or 08B1 can be written as 8B1). The second -
successive fields composed of zeroes can be replaced by two
colons (this method can be used only once). The rules allows
to significantly reduce the size of most addresses [2].

IPv6 addresses can be divided into several major groups:

e global unicast addresses (see Fig. 3), which are equivalent
to IPv4 public addresses. Each address consists of 48-bit glob-
al routing prefix and 16-bit subnet field. Last 64 bit is an inter-
face identifier (identifies a host). These addresses start from
2000::/3.

e private addresses, which are not transferred outside the local
network (e.g. local-link addresses (see Fig. 4), start with FES,
FE9, FEA or FEB)

e |oopback address - 0:0:0:0:0:0:0:1 (::1), designed for tests,
equivalent to 127.x.x.x IPv4 addresses group.

e unspecified address - 0:0:0:0:0:0:0:0 (::), used when sending
device does not know its own address

e group addresses — start from FF:/8, used for example
by routing protocols like RIP or EIGRP

e special reserved addresses - e.g. group of addresses for
described 6to4 tunneling

Provider Site Host
3 45 bits 16 bits 64 bits
| | GlobalRouting Prefix | SLA | Interface ID |
:001-
Fig. 3. Global unicast address scheme [5]
128 bits
| | 0 [ Interface ID |

11111110 10
FE80:/10

10 bits

Fig. 4. Local-link address scheme [4]

2. Methods to ensure the coexistence of I1Pv4
and IPv6 protocols

Move from lack of IPv6 support to full support of this protocol
does not occur instantaneously. In large companies, this process
starts with moving to IPv6 only several routers, servers and hosts.
Over time, number of devices switched to the new protocol in the
organization begins to grow and at some point, IPv6 will completely
replace IPv4 and support of this protocol will be disabled. Process
of this gradual transition will last many years. The smooth transition
to IPV6 is possible by three groups of tools [3]:

e Dual stack
e Tunneling
o NAT-PT
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2.1. Dual stack

Primary and most commonly used method for the coexistence
of IPv6 and IPv4 in a network is the dual stack (see Fig. 5).
It consists in configuration of IPv6 routing protocols and IPv6
addresses on all routers and hosts in a network, that have
to forward IPv6 packets. A dual-stack device chooses which stack
to use based on the destination address of the packet. If IPv6
is available, then a dual-stack host should prefer
it for communication. IPv4-only applications continue to work as
before. New and modified applications can use both IP layers [2].

Cisco I0S Dual Stack

Application
TCP/UDP
IPv4 | IPv6

IPv4

Dnver

IPv4/IPv6 IPv4
Internet
IPv6
IPv6
Internet

Fig. 5. Basic concept of the Dual Stack [2]

In the future the aim should be to ensure full coexistence
of both versions of the IP protocol and then building new
networks based only on IPv6, however this will be a long term
process. At the present in many large networks there is a need
to allow IPv6 communication for only a specific group of hosts
or due to size of a network, simultaneous enabling IPv6 support
is a problem. For such cases have been developed methods based
on encapsulation of an IPv6 packet in an IPv4 packet [3].

2.2. Point to point tunnels

Tunneling is the process of encapsulation an IPv6 packet in an
IPv4 packet by the router. The packet is treated by consecutive
devices as a normal IPv4 unit and last router on the way de-
encapsulates it and sends to its final destination. Tunneling does
not require configuring IPv6 throughout the network, what allows
to quickly provide IPv6 connectivity only in this part of the
network, which needs it. The general concept of tunneling
is shown in Fig. 6 [3].

IPv6 header| IPv6 data IPv6 header | IPv6 data
1Pv4
> ]
1Pv6 1PV Dual-stack Dual-stack 1Pv6 1Pv6
host network device device network host

Tunnel IPv6 in IPv4 packet
[1Pv4 header] IPv6 header] IPvé data

Fig. 6. General concept of tunneling [6]

A characteristic feature of point to point tunnels is that only
one device can be located at each side of a tunnel. For each pair
of IPv6 hosts, which have to communicate with each other, it is
necessary to create a separate tunnel. Routers on the end of
a tunnel treat the tunnel interfaces as serial point to point links [3].

The two available types of point to point tunnels are MCT
(Manually Configured Tunnels) and GRE tunnels (Generic
Routing Encapsulation). These tunnels connects many similarities:
both use virtual point to point link to transmit packets, in both
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cases it is possible to configure IPv6 IGP routing protocols
on these virtual links and finally in both methods it is necessary to
set up the source and destination IPv4 addresses of the tunnel
statically. The difference is greater flexibility of GRE tunnel,
which can be understood as the ability to send many passenger
protocols and the use of transport protocols (encapsulating
passenger protocols) other than IPv4. Sending passenger protocols
is possible due to additional header placed between IPv6 and IPv4
headers [2 3].

B Frame 921: 1.
= C‘ISCO HDLC
Address unicast (Oxof)

Address: unicast (0x0f)
Protocol: IP (0x0800)

= Internet Protocol Vversion 4, Src: 172
version: 4

Header Tength: Header length: 20 bytes

@ Differentiated services Field: 0x00 # Differentiated services Field: 0x00
Total Length: 120
Identification: 0x0032 (50)

@ Flags: 0x00
Fragment offset: 0
Time to 'I1ve 255

Total Length: 124
Identification: 0x0144 (324)
Flags: 0x00

Fragment offset: 0

@

ms
source: 172.16.12.6 (172.16.12.6)
Destination: 172.16.12.1 (172.16.12
[source GeoIP: unknown]

= Generic Routing Encapsulation (IPV6)
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Fig. 7. Comparison of frames outgoing from router with tunneling enabled. MCT
on the left, GRE on the right side; In both cases an IPv6 packet is encapsulated
in an IPv4 packet. The source and destination IPv4 addresses, added to the I1Pv4
headers, are known from configuration of the tunnels. The only difference — GRE has
an additional header between the IPv4 and the IPv6 header

Basic configuration of point to point tunnels is relatively
simple. It consists in selection of IPv4 addresses, that will be used
as the source addresses for the two routers, between which an IPv6
connectivity has to be established. Next step is to create tunnel
interfaces on both routers and assign them source and destination
IPv4 addresses. Finally, according to the needs, to select the mode
of the tunnel (MCT or GRE) and to assign IPv6 addresses
to external router interfaces between which an IPv6 link has
to be provided [3, 4].

2.3. Point to multipoint tunnels

When IPv6 traffic is occasional and its size is difficult
to predict, point to multipoint tunnels can be a good solution.
These tunnels allow a single router to send packets to multiple
routers with use of a single tunnel interface. The encapsulation
process is similar to previously mentioned point to point tunnels.
The main difference is the addition of an essential information,
which allows a sending router to direct packets to an appropriate
destination. The destination IPv4 address of the tunnel
is embedded in the destination IPv6 address of the packet.
To allow this concept to work, an appropriate addressing plan
is required, which in turn depends on the selected multipoint
tunnel type [3].

In the multipoint topology, under certain conditions, new
devices can be connected to the tunnel without performing
additional configuration on existing routers, what can
be considered as an advantage. Moreover, this type of tunnels,
in contrast to point to point tunnels, do not support IGP IPv6
routing protocols and thus require the use of static routes or BGP.
Their use is also associated with a dynamic transmission of each
packet, which in turn uses relatively a lot of router resources.
Furthermore, multipoint tunnels configuration method are slightly
more complicated in comparison to the previously described
methods [3].
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Fig. 8. Concept of point to multipoint tunneling [3]

There are two main methods of multipoint tunneling:
automatic 6to4 tunnels and ISATAP tunnels. To use the 6to4
tunnel it is necessary to decide while planning, whether global
unicast IPv6 addresses or special reserved block of IPv6 addresses
starting from 2002::/16 are applied. If all traffic from the Internet
to the organization uses IPv4 only, then the use of the reserved
address range is recommended. It simplifies the configuration
process and allows to exploit advantage of the multipoint tunnels,
which is the ability to add new hosts without reconfiguring
existing routers. On the other hand, if the company needs to apply
IPv6 addresses for Internet connections, the use of global unicast
addresses is indispensable. The important thing is how router
determines to which endpoint of the tunnel to send the packet.
In case of using the reserved block of IPv6 addresses, the source
and destination addresses of the tunnel are stored in second and
third quartet of the source and destination IPv6 addresses,
converted to hexadecimal values. For example, the packet sent
from the host with IPv6 address 2002:AC10:C06:3::1/64 to IPv6
2002:AC10: CO01::1/64, when reaches the tunneling router,
receives an IPv4 header with 172.16.12.6/30 source address,
and will be directed to 172.16.12.1/30 destination address. These
addresses have been determined by converting AC10:C06
and AC10:C01 form hexadecimal to decimal representation.
In this way, the proper router can receive a packet and, after
removing of IPv4 header, send it to the target IPv6 host.
The situation is different when using global unicast addresses.
Encoding the source and destination IPv4 addresses in IPv6
addresses is not possible because IPv6 addresses are allocated
to the company by the external organization. This problem
is solved by recursive route search by the router forwarding
packets through its tunnel interface. In practice, it means the need
to define specific static routes for the tunnel interface and this
in turn brings more work when topology is changed [3, 4].

The second method of multipoint tunneling is ISATAP
(Intra-site Automatic Tunnel Addressing Protocol). This concept,
in some points, is similar to previously described 6to4. The tunnel
interfaces use IPv6 addresses, in which IPv4 addresses
are embedded and there is a necessity to configure static routes
to the endpoints. In contrast to 6to4, destination IPv4 address
is placed in seventh and eight quartet of IPv6 address. Also,
there is no possibility of using reserved block of addresses
and all tunnel interfaces use IPv6 prefixes from the same subnet.
In addition, these tunnels can build interface identifier
on the basis of network card MAC address (modified EUI-64).
The tunneling router determines destination of the IPv6 packet
by searching routes, previously added to its routing table.
After receiving the packet, router checks the next hop IPv6
address for a matching route, and knowing that ISATAP
is the used tunnel mode, it looks for destination IPv4 address
in the last two quartets of found next hop address. This IPv4
address will be inserted into an additional header and the packet
will be treated as an usual IPv4 packet by all routers on the way
to the destination [3].
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Fig. 9. Comparison of frames outgoing from router with 6to4 (on the left)
and ISATAP (on the right) configured; 6to4 IPv4 addresses are known from second
and third quartets of IPv6 addresses. ISATAP source IPv4 address is determined
from seventh and eight quartets of IPv6 source address (destination IPv4 address
is determined on the basis of next hop address of a matching static route)

2.4. NAT-PT

In some situations, at the stage of transition to IPv6, there is
a need to ensure communication between hosts with different
types of IP protocols support. For such cases has been developed
a mechanism called NAT-PT (Network Address Translation-
Protocol Translation). This method is similar to well known NAT,
which has been helping to spare IPv4 addressing space,
by translating private addresses to public for Internet connections.
NAT-PT consists in translation source and destination addresses,
along with whole headers, from IPv4 to IPv6 and vice versa [3].

e |
\L_______{iiii________<\ 1Pv4
“__ A
NAT-PT IPv4-only
host

Fig. 10. Basic NAT-PT concept [7]

The configuration of NAT-PT is performed on the router
by assigning to a given IPv4 address, an IPv6 address, to which
it has to be converted when a packet is destined to an IPv6 host.
Likewise for communication in the other direction (Fig. 11).
For example, when the host with IPv6 address FECO0::3:2 tries to
send a packet to an IPv4 host 10.1.3.2, it reaches first a router with
IPv6, on which translation has been configured. Then the router
converts the IPv4 header, simultaneously substituting the source
and destination addresses with appropriate ones. The substituted
source address is pre-configured on the router for translation
purposes, destination address is IPv4 host address, in this case-
10.1.3.2. It works analogously with the traffic sourced from
the other direction [3].

R3#show ipv6 nat translations

IPV6 source
IPv6 destination

IPV4 source
IPv4 destination

Prot

10.1.:3.°2

FEC0::3:10
—-— 10.1.3.10

Fig. 11. Show ipv6 nat translation command on Cisco router for configured NAT-PT;
Source IPv4 address 10.1.3.2 is translated to FECO::3:10. Source IPv6 address
FECO0::3:2 is translated to 10.1.3.10
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3. Summary

Complete disappearance of IPv4 protocol is not possible
in the near future. Over the coming years it is expected that both
IPv4 and IPv6 protocols will coexist in the networked world.
Despite the variety of methods for ensuring the coexistence of IP
protocols, the use of dual stack should be always considered
at first. Even in case of initial rejection of this solution
for tunneling, finally the dual stack must be the method to deploy
and other methods should be exploited temporarily [3].

In case of choosing the concept of tunneling, advantages
and disadvantages of available options should be considered
to select proper way to meet the needs. The first thing to keep
in mind is that every kind of tunneling consumes more router
resources on which it is performed (in comparison to the dual
stack). It is the result of additional encapsulation and
de-encapsulation of packets. Point to point tunnels are good choice
when regular and large traffic is expected on the tunnel interfaces.
It is connected with no need to take dynamic decisions
by the router to determine destination of the packets and therefore
the router load is lower. In addition, configuration process of point
to point tunnels is simple and does not require extensive
knowledge. Point to multipoint tunnels are appropriate when
expected IPv6 traffic is occasional or its size is difficult to predict.
The tunneling router forwards the packets dynamically, based
on various, depending on the tunnel type rules. The advantage
of multipoint tunnels is the ability to add new hosts to the tunnel
without performing any additional configuration on existing
routers, but this require an appropriate addressing design and can
be troublesome in certain situations [3].

The specific method is NAT-PT. It is applied when there’s
a need to provide connection between devices with different types
of the IP protocol. One of the benefits of address translation is that
no reconfiguring of existing hosts is required, because all the
configurations are performed at the NAT-PT router. NAT-PT
should not be used when other native communication technique
is possible to apply [7].

The article does not exhaust the subject of the IP protocols
and its coexistence. It constitutes only a sort of introduction
and familiarization the Reader with IPv6 protocol
and its implementation approaches on the example of Cisco
networks. Wider descriptions and more detailed explanations
of the described concepts can be found in Cisco technical
documentations, which were also used while creating this article.
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COMPARISON OF PERFORMANCE OF SYNCHRONIZATION ALGORITHMS
FOR GRID CONNECTED POWER ELECTRONICS CONVERTERS
ACCORDING TO PROPOSED EVALUATION QUALITY CRITERIA
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Abstract. In this paper a comparison of synchronization methods for power electronics converters is presented. Proposed evaluation criteria are based on
Transmission System Operators requirements, as well as on criteria parameters based on requirements for design, computation and operation under
normal/distorted conditions. Additionally a classification of various kinds of synchronization algorithms is discussed with a brief description of the role of
power electronics in the modern power systems. All of the tested algorithms were subjected to appropriate tests validating the quality criteria for each of
them. The tests were performed in terms of simulations. The investigation results are summarized in the table, which can serve as a basic selection guide.

Keywords: synchronization, smart grids, grid codes, phase locked loop (PLL), power electronics, renewable energy systems

POROWNANIE DZIALANIA ALGORYTMOW SYNCHRONIZACJI DLA
ENERGOELEKTRONICZNYCH PRZEKSZTALTNIKOW PODEACZONYCH DO SIECI WEDLUG
ZAPROPONOWANYCH KRYTERIOW OCENY

Streszczenie. Niniejszy artykul zajmuje si¢ poréwnaniem metod synchronizacji z sieciq dla energoelektronicznych przeksztattnikow. Zaproponowane
kryteria oceny opierajg sie na wymaganiach Operatorow Systemow Przesylowych, a takze na wymaganiach zwiqzanych z projektowaniem samych
algorytmow, mocg obliczeniowq i dziataniem w warunkach normalnych lub przy zakioceniach wystegpujgcych w sieci. Przedstawiono rowniez klasyfikacje
roznego rodzaju algorytmow stuzgcych do synchronizacji razem z ogolnym opisem roli energoelektronicznych ukladow we wspolczesnych systemach
energetycznych. Wszystkie przedstawione algorytmy zostaly zbadane wedtug odpowiednich testow, ktore pozwolily na oceng kryteriow jakosci dla kazdego
z nich. Badania zostaly przeprowadzone w formie symulacji. Wszystkie wyniki sq podsumowane w formie tabeli, ktora moze stuzyé jako podstawowy

przewodnik do doboru odpowiedniego algorytmu synchronizacji.

Stowa kluczowe: synchronizacja, sieci inteligentne, kody sieci, petla synchronizacji fazowej (PLL), energoelektronika, odnawialne zrodta energii

Introduction

Modern industry is becoming more and more dependent on the
correct operation of power converters. Power electronics is
becoming one of the most important elements of today’s reality.
Many of converters applications are being considered as critical
for plant production process. The power electronics technology
allows the systems and the electric machines (motors and
generators) to run efficiently and sustainably. Lack of this solution
would make the electric motors run at full speed, and the
renewable sources such as solar and wind power, wave energy,
fuel cells could not be fed into the power grid. Modern,
sustainable energy systems introduce the concept of “Smart
grids”, where the flow of the energy can be controlled in a
sustainable way.

For grid connected power electronic converters basic
information are frequency and angle of the utility network. For
proper and safe operation phase angle of current or voltage of the
fundamental component at the point of common coupling of a
system or converter with the grid should be recognized “online” in
a real time manner. If this condition is fulfilled the control of the
flow of energy between the converter and the network can be
achieved. Thus, the most efficient working mode of converters can
be utilized.

It is worth noting that such performance mode of power
electronics converters (maximum sync = ability to provide
maximum efficiency) it is desirable from the point of view of the
Transmission System Operators [7]. This due to the fact that
having perfectly synchronized elements of the systems increases
the stability margin of the system. Usually, various TSO’s have
different synchronization requirements. The set of such rules is
stated in so-called grid codes. Grid codes are technical
interconnection requirements for power networks.

Depending on the country, point of connection, grid condition,
energy sources connected, load distribution, different requirements
may occur. To show how the very definition of synchronization
can be recognized, a quote from the polish TSO (PSE Operator) is
presented: the synchronization is an “operation concerning the
connection of the generating unit with the power system of
connection of different power systems after their frequencies,

phase and voltages are equalized to reduce the disparity of the
vectors of connected voltages to a value close to zero” [8].

1. Proposed evaluation criteria

The selection and evaluation of the effectiveness of the
synchronization algorithm is difficult. The choice should be
relevant to the TSO requirements and depend on application type.
As described in [1], there are currently no criteria for the selection
of synchronization algorithm for power converters. Another
important issue is the possibility of comparing the performance of
different synchronization algorithms. In the absence of such
standards, the choice of the appropriate method is very limited.
This shows that the need for a selection guide is straightforward.
In order to create a reference guide for choosing a suitable
synchronization algorithm define quality criteria are needed. A set
of such evaluation criteria is presented on Figure 1.

The proposed solution is based on so called “three-legged
stool model” [2], which is suitably modified according to the
needs. The three legs are determined as follows: synchronization
criteria leg, computation criteria leg and design criteria leg. The
evaluation criteria determining the algorithm design phase consists
of the following elements: application, noise immunity, single
phase utilization, algorithms protection modes, required additional
features (signal filtering etc.), methods of realization (analog,
digital) and proposed in [1] THD level of a sinus of estimated
phase angle.

Looking at the performance of the method, a very important
aspect to take into account the computation criteria. This is due to
the fact, that respectively established constraints can make our
algorithm fast “enough” with cheaper solution. Criteria in this
subgroup are determined by total number of signals and variables,
number of addition/subtractions and multiplications/scaling
operations, transient response, state variable/integrations,
computational load and order of signals processed in a cascade.

But the most important part of those rules, basically the core,
is the synchronization criteria set. The group consists of following
criteria: phase angle jump overshoot level, phase angle settling
time, phase frequency jump overshoot, phase frequency settling
time, frequency adaptive operation, frequency estimation
accuracy, method bandwidth and high frequency characteristics.
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Fig. 1. Proposed quality criteria

Going throughout the whole quality criteria selection set, one
has to take into account two possible circumstances. Assessment
of different synchronization algorithms should be carried out
under normal conditions and during grid distortions.

2. Types of synchronization algorithms

In the literature there are many examples of different
synchronization algorithms types. Number of methods used for
synchronization is extremely high. Proper selection of the
algorithm, taking into account the application, resistance to
distortions, implantation method, usually is quite difficult. This
was mainly due to the lack of proper classification of the
synchronization methods. One of the first classifications of those
algorithms is proposed in [1] and can be seen in Figure 2. It is
based on the reference frame in which the algorithm is operating.

Grid synchronization techniques
coordinates

tating dq coordinates

Recursive SRC-
Discrete PLL
Fourier

Transform

Zero
Crossing

Repetive
Control

Filters

LPF,

Dual VEi’r‘t‘E; Resonant LPF, l_ﬁ)iﬁjg;,t Dual

SOGI Band Resonant SRC-PLL
Flux Pass transform

Fig. 2. Proposed classification method for synchronization algorithms [1]

Having in mind that power electronics converters cover a wide
range of different kinds of applications and functions, a more
detailed classification is proposed in [3], and the basic scheme of
this classification can be seen in Figure 3.

Grid synchronization techniques
3 phase methods

Open loop (Closed Ioop)

Fig. 3. The proposed general classification of synchronization algorithms [3]

Closed loop Open loop

For the purpose of the quality criteria evaluation several
synchronization algorithms have been chosen. The following
synchronization algorithms have been tested:

e Alpha beta filtering method [3];
o Simple Voltage Controlled Oscillator [3];
e Synchronous Reference Frame Phase Locked Loop (PLL-

SRF) [4];

e Double Decoupled Synchronous Reference Frame PLL

(DDSRF-PLL) [5, 6];

e Dual Second Order Generalized Integrators PLL (DSOGI-

PLL) [5, 6];

e Dual Second Order Generalized Integrators with Quadrature

Signals Generation and Positive Sequence Signals Cancelation

(DSOGI-QSG-PSC) [4].

3. Methods evaluation

The selected methods are evaluated according to the proposed
quality criteria. It has to be noted that only the operation in
nominal (stable) conditions is considered. Only in the case of the
frequency estimation accuracy and the THD calculation of a sinus
of the estimated phase angle the evaluated synchronization
algorithms were subjected to disturbed grid conditions. Figure 4
presents examined system structure. Simulated part is enveloped
in gray rectangle. The other parts could be either sources of energy
or loads, but for the grid-side converter (and synchronization
algorithms) it does not matter.
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Namely the DSOGIQSGPSC-PLL is achieving 0.1% THD of the
sinus of the estimated grid angle, the DSOGIQSG-PLL has 0.5%,
the DDSRF-PLL has 0.2%, SRF-PLL hast the 1.5% THD level
and the af-filtering method with SVCO have 15% THD level.
Table 1 present the performance of the selected algorithm in terms
of synchronization criteria.

T

2 .
E—8-

Fig. 4. Examined system structure

For determining the methods transient response algorithms
start-up characteristics is taken into consideration. Figure 5
presents these characteristics for example selected algorithms.

T
DDSRF
—SRF
—DS0GIASG
——DS0GIASGPSE

Frequency [Hz]

Time [sec]

Fig. 5. Start-up of the selected synchronization methods

The fastest response is coming from SRF-PLL, which is
achieving the settling time at 10 ms. The DDSRF-PLL has the
settles at 350 ms and the DSOGIQSG-PLL, with the DSOGIQSG-
PLL with the positive sequence cancelation have the settling time
of 250 ms value. An example of the operation under distorted
conditions during voltage disturbance for SRF-PLL can be seen in
Figure 6.

It can be easily observed that during normal operation the
algorithm can accurately determine the grid angle. However, in
the case of grid voltage disturbance the estimation is not working
well. As a result undulation in the angle signal appears.

It can be easily observed that during normal operation the
algorithm can accurately determine the grid angle. However, in
the case of grid voltage disturbance the estimation is not working
well. As a result undulation in the angle signal appears.

Figure 7 presents the example algorithms operation during
15% THD grid distortion. The DDSRF-PLL, DSOGIQSG-PLL
and the DSOGIQSGPSC-PLL synchronization algorithms settle
down after 200 ms. The estimation error in their case is around £1.
This performance is acceptable. The SRF-PLL estimates the
frequency with an error of +10%. The estimated signal is
oscillating form 45 Hz to 50 Hz.

One of the proposed design criteria is the THD of sinus of an
estimated phase angle. During normal operation all of the methods
having the level of the THD below 1%. However, the appearance
of any kinds of disturbances (for example harmonics), results in
different performance for the algorithms. For testing the of the
methods performance 15% THD distortion is applied to the grid
voltage. Each of the methods achieves different result.
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Fig. 6. The SRF-PLL method performance during voltage distortion
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Fig. 7. Frequency estimation accuracy during grid operation with 15% THD

Table 2 presents the performance of the selected algorithms in
terms of computation criteria. As it can be observed the more
complex synchronization algorithm (order of signal processed,
total number of mathematical operation — scaling, addition,
multiplications) the better performance it can achieve. This also
applies to the possibility of working under different disturbances,
as it was presented before. On the other hand with the more
complex synchronization structure higher computational load is
needed, the transient response can be longer. But overall
performance, the frequency estimation accuracy, frequency
adaptive operation possibility are higher. But overall performance,
the frequency estimation accuracy, frequency adaptive operation
possibility are higher. But overall performance, the frequency
estimation accuracy, frequency adaptive operation possibility are
higher.
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Table 1. The selected methods performance for the synchronization criteria

Table 2. The selected methods performance for the computation criteria

65

Synchronization - . Synchronization Synchronization algorithm Performance
criteria Synchronization algorithm Performance criteria
ap - filtering 15% ap - filtering 150 ms
SVCO 15% SVCO 200 ms
Phase frequency SRF-PLL 2% Transient SRF-PLL 10 ms
. ransient response
jump overshoot DDSRF-PLL 10% P DDSRF-PLL 350 ms
DSOGIQSG-PLL 10% DSOGIQSG-PLL 250 ms
DSOGIQSGPSC-PLL 8% DSOGIQSGPSC-PLL 250 ms
ap - filtering 150 ms ap - filtering 6
SVCO 200 ms SVCO 6
Phase frequency SRF-PLL 10 ms Total number of signals SRF-PLL 10
jump settling time DDSRF-PLL 350 ms and variables DDSRF-PLL 14
DSOGIQSG-PLL 250 ms DSOGIQSG-PLL 16
DSOGIQSGPSC-PLL 250 ms DSOGIQSGPSC-PLL 18
ap - filtering 15% ap - filtering 2
SVCO 15% SVCO 3
Phase angle jump SRF-PLL 2% ng'{jgmﬁzf of SRF-PLL 3
overshoot DDSRF-PLL 10% and subtractions DDSRF-PLL 10
DSOGIQSG-PLL 10% DSOGIQSG-PLL 7
DSOGIQSGPSC-PLL 8% DSOGIQSGPSC-PLL 9
ap - filtering 150 ms ap - filtering 4
SVCO 200ms SVCO 4
Phase angle jump SRF-PLL 10 ms Total number of SRF-PLL 3
T o multiplications and
settling time DDSRF-PLL 300 ms scaling DDSRF-PLL 11
DSOGIQSG-PLL 200 ms DSOGIQSG-PLL 9
DSOGIQSGPSC-PLL 200 ms DSOGIQSGPSC-PLL 9
ap - filtering 0.4 ap - filtering 2
SVCO 0.4 SVCO 1
Frequency estima- SRF-PLL 0.8 Order of signals SRF-PLL 1
tion accuracy DDSRF-PLL 0.9 processed DDSRF-PLL 1
DSOGIQSG-PLL 0.8 DSOGIQSG-PLL 2
DSOGIQSGPSC-PLL 0.9 DSOGIQSGPSC-PLL 2
ap - filtering No ap - filtering 10%
SVCO No SVCO 10%
Frequency adaptive SRF-PLL Yes/No Computational load SRF-PLL 40%
operation DDSRF-PLL Yes DDSRF-PLL 60%
DSOGIQSG-PLL Yes/No DSOGIQSG-PLL 50%
DSOGIQSGPSC-PLL Yes DSOGIQSGPSC-PLL 60%

4. Conclusions

This paper presents the evaluation of selected synchronization
algorithms based on the proposed evaluation criteria. Choosing the
appropriate synchronization method should be based on the
determination of the application, power grid stiffness (with the
emphasis on the power/voltage quality), possible ways of
implementation. For helping in decision making, each of the
selected methods were subjected to different types of tests. All of
the results were collected in tablets, as well as presented in the
article.
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MEASUREMENT OF THERMAL CONDUCTIVITY COEFFICIENT
OF INSULATING LIQUIDS USING AUTHORING MEASUREMENT SYSTEM

Grzegorz Dombek, Zbigniew Nadolny

Poznan University of Technology, Institute of Electrical Power Engineering

Abstract. The paper presents the results of measurements of the thermal conductivity coefficient of the selected insulating liquids according to the
temperature. The value of the thermal coefficient of tested insulating liquids at temperatures from 20°C to 100°C was determined. Measurement of thermal
conductivity was conducted by the use of presented authoring measurement system. The obtained results are essential to the design of power devices

structures.

Keywords: thermal conductivity coefficient, insulating liquids, measurement techniques

POMIAR WSPOLCZYNNIKA PRZEWODNOSCI CIEPLNEJ WELASCIWEJ CIECZY
ELEKTROIZOLACYJNYCH Z WYKORZYSTANIEM AUTORSKIEGO UKELADU POMIAROWEGO

Streszczenie. W artykule przedstawione zostaly wyniki pomiaréw wspélczynnika przewodnosci cieplnej wiasciwej wybranych cieczy elektroizolacyjnych w
zaleznosci od temperatury. Okreslona zostata wartos¢ wspolczynnika przewodnosci cieplnej badanych cieczy elektroizolacyjnych w przedziale temperatury
od 20°C do 100°C. Pomiar przewodnosci cieplnej przeprowadzono przy wykorzystaniu przedstawionego autorskiego uktadu pomiarowego. Uzyskane
wyniki sq istotne z punktu widzenia projektowania konstrukcji urzqdzen elektroenergetycznych.

Stowa kluczowe: przewodno$¢ cieplna wlasciwa, ciecze elektroizolacyjne, technika pomiarowa

Introduction

Power transformer is one of the most expensive and the most
important power devices used for the transmission and distribution
of electricity. For over a hundred years, for providing appropriate
conditions of isolation and cooling, the power transformers are
filled with mineral oils. Unfortunately, mineral oils are
characterized by poor thermal properties, including a low thermal
conductivity coefficient whereby, their cooling properties are not
sufficient in many cases.

Several years ago there was the concept of using natural and
synthetic esters in high voltage power transformers in place of
heretofore applied mineral oils. The trend in the use of esters as
insulating liquids results mainly from the increasingly restrictive
regulations concerning environmental protection and the
conditions of safe use of the power devices.

Natural and synthetic esters, unlike mineral oil, have a high
coefficient of biodegradability and high flash point and burning,
which makes them non-flammable liquids. Unfortunately, poor
diagnosis of thermal properties of natural and synthetic esters is
one of the main contraindications in their use. Currently, the use
of natural and synthetic esters, due to their high price and poor
identified properties, confined almost only to the distribution
transformers installed in densely populated areas or particular fire
hazard [3].
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Fig. 1. Amound of distribution transformers in service filled with natural esters —
worldwide [3]

Figure 1 shows the increase in the use of natural esters in
distribution transformers installed worldwide. Since 2003, the
diametrical growth in the number of distribution transformers

filled with natural ester is recorded. Recently, a tendency to use of
natural and synthetic esters in power transformers is also
observed. However, their use has been limited mostly to situations
that require a high level of fire protection and environment
protection.

One of the key properties of thermal insulating liquids, which
affect their ability to transport of heat, is the thermal conductivity
coefficient. The thermal conductivity coefficient determines the
amount of heat flowing through the cube with the edges of 1 m,
within 1 s, and the temperature drop between the opposite faces of
a cube equal to 1 K [6, 10].

Measurement of thermal conductivity of natural and synthetic
esters is significant in terms of comparison of thermal
conductivities of esters and previously used mineral transformer
oils. For this purpose, system for measuring the thermal
conductivity of the liquids was designed, constructed and tested.
This article is dedicated to the measurements of the thermal
conductivity coefficient 2 using authoring measurement system.

1. Authoring measurement system

The chapter presents the authoring system for measuring
thermal conductivity coefficient 1 of insulating liquids. The
concept of measuring the thermal conductivity coefficient using
designed measurement system was also presented.

The measuring concept of thermal conductivity coefficient is
to call in the sample of tested liquids thermal disturbances and to
observe changes of the temperature distribution. In other words,
the thermal conductivity coefficient 1 is determined by passing
through the sample of tested liquids specific heat flux and
observing the changes of the temperature distribution on both
sides at a fixed heat flow [7].

Figure 2 shows the authoring measurement system used to
determine the thermal conductivity coefficient of liquids.
Designed and built measurement system allows to call the thermal
disorder AT, and to measure it in the sample of tested liquids with
the thickness d and the surface area S. Suitable thermal
disturbance in the sample is obtained by using a heat source with
power P and the use of the cooling system. On the basis of above
mentioned values thermal conductivity coefficient of liquids is
determined from the formula:

P d
4 S AT W

For measurement, a sample of the liquid should be placed
between the main heater and cooler. It was assumed that the
thickness d of the surface area S of all tested samples of liquid will
be the same. The main heater with power P and surface area S is
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designed to produce heat flux flowing through a sample of the
liquid to the cooler. Heat flow generates temperature drop AT in
the sample liquid. The task of the cooler is to provide a constant
temperature on the lower surface of the tested liquid. The
measurement of temperature fall AT and power readout of main
heater occurs with a fixed heat flux. Knowing all of the physical
quantities, using the formula (1) the thermal conductivity of the
tested insulating liquids is defined. The correctness of the
measurement is determined by the elimination of lateral heat loss
and heat loss vertically upwards. Main heater should ensure the
flow of heat perpendicularly down through the liquid sample. For
this purpose, secondary heater which eliminates heat flow
vertically upwards, or produces a heat flux, which causes the
temperature values recorded directly above the main heater and
the auxiliary heater are equal.
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Fig. 2. Scheme of system to measure the thermal conductivity coefficient 4 of liquids
with associated measuring instruments and power supply, 1-cooler, 2-secondary
electrode with probes (thermal), 3-sample of the liquids, 4-main heater,
5-secondary insulation, 6-secondary heater, 7—isolation [4]

Computer

The implementation of the measurement procedure also
required the selection of a suitable temperature drop AT on a
sample of the liquid. The choice of temperature decrease was
conditioned meeting two criteria. First, the drop in temperature
should be as small as possible in order to accurately determine the
effect of temperature on the measurement of the thermal
conductivity coefficient 1. Secondly, this value should be large
enough to reduce uncertainty of thermal conductivity
measurement. On the basis of these criteria, it was decided that the
temperature drop AT in a sample of the liquid will be 5K.

2. Measurement system tests

This chapter describes the tests of authoring system for
measuring thermal conductivity coefficient 1 of the insulating
liquids. Testing of the system was to check the tightness of the
measuring system during the measurement, removing bubbling
formed during filling of the system with liquid and measurement
of the thermal conductivity of liquids with known from the
literature thermal conductivity coefficient.

The first of the problems with which it was necessary to face
during testing of the authorial measuring system were leaks that
caused oil leakage from the system. Loss of liquid from the
measuring system caused false results of measurements of thermal
conductivity coefficient of tested liquid. As a result, the thermal
conductivity obtained by the measurement of the thermal
conductivity corresponded to the system air-insulating liquid.
Leaks in the measurement system are eliminated through the use
of additional sealing. Therefore, in the secondary electrodes
located above and below the surface of the liquid sample used
sealing in the form of rings. The use of additional sealing allowed
to eliminate the problems of measuring leaks.

Another problem, which is of high importance for the
accuracy of thermal conductivity coefficient A of liquids, was air
bubbles that were formed during the filling the system with tested
liquid. In order to overcome this problem it was decided to enter
into part of the system, that contains the examined liquid, (so
called oil pan) two-channel tube with a diameter of 2 mm. One of
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the channels is used for supplying liquid to the oil pan. Liquid is
recessed into the system at a slight pressure. The second conduit is
used to vent air and removal of air bubbles generated in the final
stage of filling pan with insulating liquid. In addition, excess
liquid associated with the increase in liquid volume during the
measurements at high temperatures, is removed through this
channel. This follows directly from the expansion of the tested
insulating liquid coefficient.

Table. 1. Results of the authoring measurement system paired with the values given
by literature

Thermal conductivity coefficient > [W/m-K]
Kind of Mineral oil Synthetic ester Natural Ester
liquid Nynas Nytro Taurus Midel 7131 Envirotemp FR3
2 9 S B < g 1S
2 > 2 v 2 S 2
5 §2 §¢s 52 §8 §2 | §¢
g s r 3 L3 L 3 T3 r 3
k5 = 5] = f<b] = f<b]
A i £ pr £ pr £
20°C 0.126 0.135 0.144 0.158 0.167 0.182
40°C - - 0.143 0.156
60°C - - 0.141 0.152
80°C - - 0.139 0.150
100°C - - 0.136 0.147

The authoring measurement system tests were carried out on
the basis of thermal conductivity measurement of liquid with
known from the literature values of the thermal conductivity
coefficient . To the tests of the measurement system three
insulating liquids were selected. For the tests mineral oil Nynas
Nytro Taurus, synthetic ester Midel 7131 and natural ester
Envirotemp FR3 have been used. In the case of mineral oil and
natural esters literature gives only the values of thermal
conductivity at 20°C [2, 3, 9]. The correlation of the thermal
conductivity coefficient and temperature is known only in the case
of synthetic ester Midel 7131 [12]. Therefore, the measuring
system tests were conducted using the listed insulating liquids at
the temperature range in which the thermal conductivity of tested
insulating liquids is known. It was assumed that the measurements
of thermal conductivity coefficient is considered a successful, if
the results do not differ by more than 10% of the data reported in
the literature. The test results of authorial measuring system were
summarized with the results given by the literature and they were
presented in table 1.

Carried out tests of designed and constructed measurement
system allow to state that obtained thermal conductivity values are
within the accepted 10% margin of error. The same, the proper
operation of the measuring system can be indicated.

3. Measurements’ results

The chapter presents the results of measurements of the
thermal conductivity coefficient 2 of commonly used insulating
liquids.

Effective heat dissipation from the transformer by the
insulating liquid depends largely on convection and thermal
conductivity [3]. Convection is associated with the thermal
properties syndrome, such as viscosity, specific heat and thermal
expansion coefficient. These properties lead to heat exchange with
the environment by moving the liquid. Whereas, thermal
conductivity is carried out in the liquid. All of these characteristics
have a significant influence on the heat transfer coefficient «,
meaningful from the point of heat loss to the environment.

As mentioned in chapter 2, the literature data concerning the
thermal conductivity coefficient of insulating liquids in most cases
provide information regarding the temperature of 20°C. In
contrast, the normal operating temperature of the transformer is in
the range of 50-70°C. Therefore, it is necessary to determine the
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value of the thermal conductivity coefficient of insulating liquids
at a temperature, that is greater than 20°C. Literature data indicate
that the thermal conductivity of mineral oils is about 0.11-0.16
W/m-K [2, 8], synthetic esters 0.15-0.16 W/m-K [1, 2, 8], and the
natural esters 0.16-0.17 W/m'K [1, 2, 8, 9]. However, these
thermal conductivity values refer to a temperature of 20°C.
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0,18 -
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0,16 -
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0.13 -
0,12 -
0,11 -
0.10

Thermal conductivity [W/m-K]

0 20 40 60 80 100 120
Temperature [°C]

DEnvirotemp FR3  OMidel 7131  ANynas Nytro Taurus

Fig. 3. Correlation graph of thermal conductivity coefficient and temperature for
different types of insulating liquids

The graph 3 shows the correlation of the thermal conductivity
coefficient of examined insulating liquids and the temperature
determined by the use of the authoring measurement system. On
the basis of the graph it can be concluded that the natural esters
with respect to mineral oil and synthetic esters, have a much
higher thermal conductivity coefficient in the entire temperature
range. The thermal conductivity of the tested natural esters at
temperature range from 20°C to 100°C is from 0.182 W/m'K to
0.174 W/m-K. In the case of other examined insulating liquids, the
thermal conductivity is much lower, and in the analyzed
temperature range is suitably from 0.158 W/m-K (for synthetic
esters) to 0.147 W/m-K, and from 0.135 W/m'K to 0124 W/m-K
(for mineral oil). Thus, the high thermal conductivity coefficient is
in favor of natural and synthetic esters. Thereupon, both natural
and synthetic esters, compared to mineral oil, show a much higher
viscosity, higher thermal conductivity coefficient 1 can to some
extent compensate higher viscosity of esters.

Thermal properties of insulating liquids are important for the
design of power devices. Currently, no data are available
concerning the impact of moisture and solid insulation aging
products and insulating liquids on the thermal conductivity of the
liquids. These results would avoid errors in calculations and
mathematical simulations during the design phase of construction
of power devices. In addition, weak identification of thermal
properties, especially the thermal conductivity of new insulating
liquids, like natural esters and synthetic esters is one of the
concerns of their use as insulating liquids in high-voltage power
transformers. Thus, there is a need to conduct research to
determine the impact of various factors on the thermal properties
of insulating liquids. These results will be used to specify which
of the insulating liquids is characterized by the desired thermal
properties.

4. Summary

Built and designed measurement system can accurately
determine the thermal conductivity coefficient A of liquids. Due to
the materials from which it has been made, as well as safety
measure, it is possible to determine the thermal conductivity of the
liquid in the temperature range from 20°C to about 100°C

Tests of designed and built measuring system was conducted
on the insulating liquids with known from the literature data value
of the thermal conductivity coefficient. On the basis of these tests,
it can be concluded that the measurements’ results obtained during
the measurements of the authoring measurement system do not
differ by more than 10% from the literature data.

ISSN 2083-0157

On the basis of the obtained results, it can be concluded that
the natural esters have the highest thermal conductivity coefficient
within a temperature range from 20°C to 100°C. The thermal
conductivity of the examined natural esters is more than 35%
greater than the thermal conductivity of the tested mineral oil, and
more than 15% greater than the thermal conductivity of the
examined synthetic esters. In turn, the thermal conductivity of the
tested natural esters is more than 17% greater than the thermal
conductivity of the examined mineral oil. Moreover, presented
results show correlation of thermal conductivity coefficient and
temperature, which certainly facilitates designing and simulating
the operation of power devices.

In order to clarify which of insulating liquids are characterized
by greater ability to the heat transfer to ambient the measurements
of thermal conductivity coefficient of insulating liquids should be
supplemented with data concerning other properties that impact on
the heat transfer coefficient a. These studies should determine the
impact of temperature, moisture and aging products of insulating
liquid and solid insulation on each of analyzed thermal properties.
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MODELLING OF TRANSIENT HEAT TRANSPORT IN CRYSTALLINE
SOLIDS USING THE INTERVAL LATTICE BOLTZMANN
METHOD (TWO-DIMENSIONAL MODEL)

Alicja Piasecka-Belkhayat, Anna Korczak

Silesian University of Technology, Faculty of Mechanical Engineering, Institute of Computational Mechanics and Engineering

Abstract. In the paper the two-dimensional numerical modelling of heat transfer in crystalline solids is considered. In the mathematical description the
relaxation time and the boundary conditions are given as interval numbers. The problem formulated has been solved by means of the interval lattice

Boltzmann method using the rules of directed interval arithmetic.

Keywords: Boltzmann transport equation, interval lattice Boltzmann method, directed interval arithmetic

MODELOWANIE PRZEPLYWU CIEPLA W DWUWYMIAROWYM CIELE KRYSTALICZNYM
ZA POMOCA INTERWALOWEJ METODY SIATEK BOLTZMANNA

Streszczenie. W artykule zaprezentowano dwuwymiarowy model numeryczny przeplywu ciepla w ciele krystalicznym. W opisie matematycznym czas
relaksacji i warunki brzegowe sq zdefiniowane jako liczby przedziatowe. Sformutowane zagadnienie rozwigzano za pomocq interwalowej metody siatek

Boltzmanna stosujqc skierowang arytmetyke interwatowq.

Stowa kluczowe: rownanie transportu Boltzmanna, interwatlowa metoda siatek Boltzmanna, skierowana arytmetyka interwatowa

Introduction

In dielectric materials and also semiconductors the heat
transport is mainly realized by quanta of lattice vibrations called
phonons. Phonons always “move” from the part with the higher
temperature to the part with the lower temperature. During this
process phonons carry energy. This phenomena can be described
by the Boltzmann transport equation transformed in the phonon
energy density [4].

Such approach in which the parameters appearing in the
problem analyzed are treated as constant values is widely used.
Here, in the mathematical model describing the heat transfer in a
thin silicon film the interval values of relaxation time and
boundary conditions have been assumed.

The problem analyzed has been solved using an interval
version of the lattice Boltzmann method using the rules of directed
interval arithmetic.

1. Directed interval arithmetic

Let us consider a directed interval a which can be defined as
a set D of all directed pairs of real numbers defined as [3, 6]

5=[a’,a*]:={ﬁeD‘a’,a*eR} (1)

where a~ and a“ denote the beginning and the end of the
interval, respectively.
The left or the right endpoint of the interval @ can be denoted

as a°, se{+ —}, where s is a binary variable. This variable can

be expressed as a product of two binary variables and is defined as
follows
++=——-=+

P @
An interval is called proper if a~ <a*, improper if a~ >a*
and degenerate if a” =a’. The set of all directed interval
numbers can be written as D=P U, where P denotes a set of all
directed proper intervals and | denotes a set of all improper
intervals.
Additionally a subset Z=Z,UZ, eD should be defined,
where
Z,={aePla <0<a'} \
z,={aclla"<0<a’} ©

For directed interval numbers two binary variables are
defined. The first of them is the direction variable

+, if a <a’
a)=4 "' 4
7(3) {— if a>a’ )
and the other is the sign variable
if a=>0,a">0
o(@)=4" " & 7RE TN gepvz (5
- if a~<0,a"<0

For zero argument o([0,0])=c(0)=+, for all intervals
including the zero element @ Z, o(a) is not defined.

The sum of two directed intervals & :[a’,a*] and

b= [b’, b*] can be written as

a+b=[a +b,a"+b"], abeD (6)
The difference is of the form
a-b=[a-b",a"-b |, abeD )

The product of the directed intervals is described by the
formula

[aw b, 2 o] 35D\

[a“ Dr0) po(@ fo@r®) ol ] aeD\Z,bez

[ a°® ba(b)r(a) a°® . ba(n)r(a)] FeZ beD\Z
ab-= ’ ’ @®)

[ml a -b,a"-b ) max(a’~b’,a*~b*)]§,5ezp

maxa b ,a* b*) min(a’~b*,a*~b’)},a,5ez,

0, (anp,BeZI)u(ﬁeZI,BeZP)

The quotient of two directed intervals can be written using the
formula

a,beD\z

[a—o'(E) /ba(ﬁ)’ aU(B) /b*U(E)J’
alb=

[ —o'(b /b° b)r(a

In the directed interval arithmetic are defined two extra
operators, inversion of summation
—pa=[-a,-a"], aeD (10)
and inversion of multiplication
l,a=[1/a,1/a"],

_ 9)
a“® /p b>f<a>] aeZ beD\Z

aeD\Z (11)
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So, two additional mathematical operations can be defined as
follows

a-,b=[a -b,a"-b"|, abeD (12)
and
[a® /bo® a® /b"® ], a,beD\Z

alyb= - B - B B (13)
[a*ff(b) [b°® go® /b"“”], aeZ beD\Z

Now, it is possible to obtain the number zero by subtraction of
two identical intervals a—,a=0 and the number one as the

result of the division a/,a=1, which was impossible when
applying classical interval arithmetic [5].

2. Boltzmann transport equation

One of the fundamental equations of solid state physic is the
Boltzmann transport equation (BTE) which takes the following
form [1, 2]

of fO—f
5+V-Vf =gy (14)

Tr
where f is the phonon distribution function, f° is the equilibrium

distribution function given by the Bose-Einstein statistic,
v is the phonon group velocity, t. is the relaxation time

r

and Y« is the phonon generation rate due to electron-phonon

scattering.

In order to take advantage of the simplifying assumption of
the Debye model, the BTE can be transformed to an equation on
carrier energy density of the form [1]

0

%8 v.ve=_2¢ +q, (15)
ot T

r

where e is the phonon energy density, e° is the equilibrium
phonon energy density and ¢, is the internal heat generation rate

related to an unit of volume. The equation (15) must be
supplemented by the boundary initial conditions.

Using the Debye model the relation between phonon energy
density and lattice temperature is given by

Ik, ot z 4
o= [ ———dz|T (16)
Oy o exp(z)-1

where @, is the Debye temperature of the solid, k,is the
Boltzmann constant, T is the lattice temperature while M is the

number density of oscillators and can be calculated using the
formula

3
1 (kO 17

n= an[ ho J s
where 7 is the Planck constant divided by 2n and o is the
phonon frequency.

3. Interval lattice Boltzmann method

The interval lattice Boltzmann method (ILBM) is a discrete
representation of the Boltzmann transport equation. For two-
dimensional problems the interval Boltzmann transport equation can
be written as

= = 70
ad +V-Ve =— €-¢
ot

——+4q, (18)
TI’

where € is the interval phonon energy density, €° is the interval

equilibrium phonon energy density, vis the phonon group
velocity, g, is the internal heat generation rate related to an unit of

volume and T, :[rr’, rr*} is the interval relaxation time.
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For two-dimensional model the discrete phonon velocities are
expressed as [2]

(0,0) d=0

Ca :{(cos[(Zd ~Dn/2],sin[(2d -Dn/2])c d :1,...,4(19)

where c=Ax/At=Ay/At is the lattice speed, Ax and Ay are

the lattice distances from site to site, At=t " —t " is the time step

needed for a phonon to travel from one lattice site to the neighboring
lattice site and d is the direction.

The interval lattice Boltzmann method algorithm has been
used to solve the problem analyzed [1, 7].

The ILBM discretizes the space domain considered by
defining lattice sites where the phonon energy density is
calculated.

The lattice is a network of discrete points arranged in a regular
mesh with phonons located in lattice sites. Phonons can travel
only to neighboring lattice sites by ballistically traveling with
the certain velocity and collide with other phonons residing
at these sites according to Fig. 1 [1].

The discrete set of propagation velocities in the main lattice
directions can be defined as (see eq. 19)

6=00) ¢=(0 c=0c)

¢, =(-c, 0) ¢, =(0,—c)

(20)

o]

4

) 4

O

Fig. 1. Two dimensional 5-speed (D2Q5) lattice Boltzmann model

In the ILBM it is needed to solve five equations allowing to
compute phonon energy in different lattice nodes according to the
following equations

oe, & -8
I n
ot I:‘r’ ‘[::I 4

r

08, 08 & -8

—+Cc——=— '
ot o0X I:rr,‘c:] g

o8, 08, §,-8 (21)
— e =+,

ot oy I:‘rr,‘r::I

oe, 08, &-8§’

—n VY= +qv

ot o0X [T;vT:]

o8, _ o8 __&-&

ot "oy [r.1]

The set of equations (21) must be supplemented by
the boundary conditions

x=0,0<y<L: €(0,y,t)=¢(T,)
x=L 0<y<L: &(L, y,t):é(sz) @2
y=0,0<x<L: é(x,O,t):§(7b3)
y=LO0<x<L: &(x L,t):é(fm)
and the initial condition
t=0: &(x,y,0)=e(T,) (23)

where T, =[Ty, Til, Tpo =[Teo, Tos]l, Tz =[Tys Tis] and
Tos =[Tos Tow] are the interval boundary temperatures, T, is the
initial temperature.
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The approximation of the first derivatives using right-hand
and left-hand sides differential quotients is as

@zéi(x, y, t+At)—g (X, y, t) iz0.1.. 4 (24)

ot At
and
08, B (X+AX, Yy, t+At)-E, (X, y, t+AL)
67x: AX
08, &,(X, Y+Ay, t+At)—€,(Xx, y, t+At)
o S (25)
08,  B(X, Y, t+At)—E,(X—AX, y, t+At)
ox AX
0€, &,(X, Yy, t+At)—€,(X, y—Ay, t+At)
oy Ay

Thus one obtains the approximate form of the interval
Boltzmann transport equations for 2D problem in five directions of
the lattice [1, 2]

_\f+ _ o\ f _ o
(eO)i.j :(1—At/r,)(eo)i_+At/r,~(eg)_lv+Atqv

v
f+l

+Atq, (26)

The total energy density is defined as the sum of discrete
phonon energy densities in all the lattice directions

= i@d @7)

After subsequent computations the lattice temperature is
determined using the formula

0 /T' 3

THufe@hey/|onk, [ 2 d 28
(eTes/ ok, [ s (28)

4. Results of computations

As a numerical example the heat transport in a silicon thin film
of the dimensions 200 nm x 200 nm has been analyzed. The
following input data have been introduced: the relaxation time
T, =[6.36675, 6.69325]ps, the Debye temperature ®, =640K,

T,, =[780, 820]1K and
T, =Tps =T,, =[292.5,307.5]K, the temperature
T, =300K. The lattice step Ax=Ay=20nm and the time step
At =5ps have been assumed.

the boundary conditions

initial

700

TIK ]

600 /

2/“
500
3 //-’_.

400

300 /

0 150 300 450 t[ps] 600

Fig. 2. The interval heating curves at internal nodes for q,=0
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Figure 2 presents the courses of the temperature function at the
internal nodes (40, 20) — 1, (160, 40) — 2 and (100, 100) — 3 for the
heat source ¢, =0. Figure 3 shows the courses of the temperature
function at the same nodes like in Fig. 2 but for the heat source
q, =10"® W/m®.

2300

TIK] =
1800 /

1300
| —
=
800
300
0 150 300 450 t[ps] 600

Fig. 3. The interval heating curves at internal nodes for g,=10"*W/m?
5. Conclusions

In the paper the Boltzmann transport equation with the interval
values of the relaxation time and the boundary conditions has been
considered. The interval version of the lattice Boltzmann method
for solving 2D problems has been presented. The generalization of
LBM allows one to find the numerical solution in the interval
form and such an information may be important especially for the
parameters which are estimated experimentally, for example the
relaxation time.
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PROTOTYP UKLADU SCALONEGO Z DWUSTOPNIOWYM
PRZETWARZANIEM IMPULSU DLA POTRZEB
NISKOMOCOWEGO POMIARU CZASU WYSTAPIENIA
ZDARZENIA T AMPLITUDY EADUNKU WEJSCIOWEGO

Krzysztof Kasinski, Rafal Kleczek

Akademia Gorniczo-Hutnicza w Krakowie, Wydziat Elektrotechniki Automatyki Informatyki i Inzynierii Biomedycznej, Katedra Metrologii i Elektroniki

Streszczenie. Artykui prezentuje prototyp ukiadu scalonego ASIC przeznaczonego do wspélpracy z krzemowymi detektorami o duzej pojemnosci.
Mierzonymi wartosciami sq czas wystqpienia zdarzenia jak i ilos¢ zdepOnowanego tadunku. Celem zaprojektowanego uktadu jest obserwacja wplywu
pojemnosci detektora (do kilkudziesieciu pF) na prace i parametry dwustopniowego ukiadu elektroniki front-end opartego koncepcyjnie o metode

przetwarzania typu Time-over-Threshold.

Stowa kluczowe: specjalizowane uktady scalone, detektory potprzewodnikowe, wzmacniacz tadunkowy

LOW POWER PROTOTYPE OF THE INTEGRATED CIRCUIT
WITH DUAL-STAGE PULSE PROCESSING FOR TIME AND AMPLITUDE MEASUREMENT
Abstract. This paper presents the prototype of the application specific integrated circuit designed for a silicon detector with large capacitance.

The measured quantities are: the interaction time and the deposited charge. The aim of this project is to observe the influence of increasing sensor
capacitance (up to tens of pF) on operation and performance of the dual-stage analog front-end electronics based on the concept of the Time-over-

Threshold processing method.

Keywords: application specific integrated circuits, semiconductor detectors, charge-sensitive amplifiers

Wstep

Detektory paskowe znajduja zastosowanie przede wszystkim
w detektorach $ladowych dla Fizyki Woysokich Energii
oraz w obrazowaniu z wykorzystaniem promieniowania X.
Padajacy kwant promieniowania lub czastka generuje w obszarze
aktywnym detektora pary tadunkoéw (elektron — dziura). Poniewaz
detektor pracuje jako dioda spolaryzowana zaporowo, istniejace
w detektorze pole elektryczne powoduje, ze tadunki zbierane sg na
jego elektrodach. Ladunki te nastgpnie wplywaja do uktadu
elektroniki odczytu (elektronika typu front-end) stowarzyszong
z detektorem (rys. 1). Zebrany tadunek jest poddawany dalszemu
przetwarzaniu. Do najwazniejszych parametréw tej klasy uktadow
nalezg: pobdr mocy, poziom szumoéw wiasnych wyrazanych jako
ekwiwalentny tadunek szumowy ENC (Equivalent Noise Charge),
szybko$¢ i liniowos¢ funkcji przetwarzania.

kwant promieniowania

uktad odczytowy

detektor paskowy

Rys. 1. System detekcyjny z detektorem paskowym

Jedna z metod przetwarzania impulsow w systemach
detekcyjnych pracujacych w trybie zliczania pojedynczych
fotonow (single-photon counting mode) jest przetwarzanie typu
Time-over-Threshold (rys. 2). Metoda ta, w przeciwienstwie
do uktadu wykorzystujacego typowy przetwornik
analogowo-cyfrowy, pozwala na niskomocowy  pomiar
zdeponowanego W detektorze fadunku przy jednoczesnym
zachowaniu  czgsto  niewielkiego  stopnia  komplikacji
uktadu [5]. Za pomocg komparatora i uktadu licznika
mierzy si¢ czas trwania impulsu napigciowego powyzej
zadanego progu dyskryminacji. Diugos¢ ta niesie informacje
na temat iloéci tadunku wejsciowego.

Odczyt binarny

| uktad
roztadowania

_|

1-bit
(hit/ no hit)

—> s&H ADC |—> n-bit
(tadunek)

Pomiar z wykorzystaniem przetwarzania ToT

LICZNIK [ n-bit
(tadunek)

Rys. 2. Sposoby przetwarzania sygnatow z detektora pracujqcego w trybie zliczania
pojedynczych fotonow

filtr
ksztattujgcy
(shaper)

(opcjonalny)

CSA

W  zaleznosci od typu przetwarzania analogowego
poprzedzajacego komparator, ksztatt charakterystyki
przetwarzania (dtugo$¢ impulsu w funkcji fadunku wejsciowego)
moze by¢ rézny. W realizacjach dla detektorow paskowych
(pojemnos$¢ sensora od kilku do kilkunastu pF) stosowane sg filtry
ksztattujace (shaper’y). Charakterystyka taka jest czesto
nieliniowa, co ogranicza zakres dynamiczny i doktadno$¢ pomiaru
fadunku, a takze komplikuje interpretacje cyfrowych danych
wyjsciowych. Istnieja jednak realizacje oferujace liniowa
charakterystyke przejsciowa. Sa one oparte na roztadowaniu
kondensatora Cg w sprzezeniu wzmacniacza fadunkowego
za pomocg pradu statego z wykorzystaniem np. lustra pradowego
(rys. 3). Niestety, istniejace rozwiazania tego rodzaju mozna byto
znalez¢ tylko dla detektorow o matej pojemnosci (detektory
pikselowe).

Dotychczasowe badania autorow, poparte wykonanymi
prototypami wskazuja na to, iz uzyskanie liniowej funkcji
przetwarzania przy pomiarze tadunku z detektoréw o duzej
pojemnosci (kilkadziesiat pF) przy zachowaniu bardzo niskiego
poboru mocy spotyka sie z szeregiem trudnosci i probleméw
[2, 3]. Naleza do nich:

e znaczny spadek wzmocnienia tadunkowego zwigkszajacy
si¢ wraz ze wzrostem pojemnosci detektora Cgg,

e wyplaszczenie opadajacego zbocza impulsu napigciowego
na wyj$ciu wzmacniacza tadunkowego,

e redukcja stosunku sygnatu do szumu SNR dla niskich progéw
dyskryminacji.

artykut recenzowany/revised paper

IAPGOS, 2014, nr 1, 72-75
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Rys. 3. Wzmacniacz tadunkowy z roztadowaniem prgdem statym

Najwazniejszym problemem sa Sprzeczne wymagania
odno$nie warto$ci pojemnosci Cq W sprzezeniu zwrotnym
wzmacniacza CSA. Aby zapewni¢ poprawng prace ukladu nalezy
zadbac o:

e wysoka tadunkowos¢ (caty tadunek zdeponowany w detekto-
rze jest zbierany w kondensatorze Cy,),

e poprawng prac¢ My, jako lustra pradowego (w szczegdlnosSci
zapewnienie pracy w zakresie nasycenia).

Ladunek zebrany przez wzmacniacz CSA jest wyrazony
ponizszym réwnaniem:

Cpq -k, +1)-Q
be: fb (v+)Q|n _Qin (1)

Cp - (ky +1) +Cj + Cyet C 1o (ky +1)>5Cin + Caer

gdzie: Qg — tadunek zebrany w pojemnosci sprzezenia zwrotnego
Ct, Cin — pojemnos¢ tranzystora wejsciowego, Cger — pojemnosé
detektora, Q;i, — fadunek zdeponowany w detektorze,
ky — wzmocnienie napieciowe rdzenia wzmacniacza CSA.

Zatem aby =zebra¢ we wzmacniaczu tadunkowym caly
wygenerowany tadunek efektywna pojemno$é wejsciowa
wzmacniacza tadunkowego Cpg(K,+1) musi by¢ znacznie wigksza
niz suma pojemnosci detektora Cgy 1 pojemnosci tranzystora
wejsciowego Cip.

Wymagania dotyczace poboru mocy i zajmowanego obszaru
krzemu determinuja maksymalng osiagalng wartos¢ wzmocnienia
ky. Dopasowanie szumowe wej$ciowego tranzystora wWzmacniacza
CSA do pojemnosci detektora wyznacza réwniez pojemno$é
tranzystora wejsciowego Ci, [1]. W zwigzku z tym jedyny punkt
swobody umozliwiajacy spelnienie powyzszego wymagania
stanowi pojemnosc¢ sprzgzenia zwrotnego Cyp,.

Zapewnienie poprawnej pracy lustra pradowego w uktadzie
sprzezenia zwrotnego Wymaga przede wszystkim tego,
aby tranzystor Mg, pracowal w obszarze nasycenia. Niestety
wymiary geometryczne tego tranzystora s3a ograniczone
ze wzglegdu na  konieczno$¢  minimalizacji  wszelkich
pasozytniczych pojemnosci wokot Cq, co ma bezposredni wptyw
na minimalizacj¢ napigcia nasycenia Vg tranzystora
Mp. Mozliwe jest jednak zapewnienie wyzszego napigcia
V w trakcie pracy poprzez zwigkszenie wzmocnienia
fadunkowego k; wzmacniacza CSA. Wzmocnienie to jest
odwrotnie proporcjonalne do pojemnosci Cy,. Aby zatem poprawic¢
sytuacje nalezy zmniejsza¢ Cfb.

Powyzsze rozwazania prowadza do sprzecznych wymagan
w stosunku do Cy,. Niestety im wicksza pojemnos¢ detektora tym
trudniej jest zagwarantowac zgodno$¢ wobec obu wymagan.

Jako mozliwe rozwigzanie, autorzy zaproponowali koncepcje
dwustopniowego  przetwarzania tadunku = wygenerowanego
w detektorze [4]. W artykule przedstawiono  projekt
prototypowego specjalizowanego uktadu scalonego majacego
za zadanie zweryfikowaé pracg przetwarzania dwustopniowego
dla réznych pojemnosci detektora.
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1. Architektura ukladu scalonego

Kanal elektroniki front-end sklada si¢ z dwoch stopni
wzmacniaczy  (rys. 2). Pierwszy stopieh  wzmacniacza
tadunkowego CSALl jest zoptymalizowany pod katem wysokiej
fadunkowodci, awigc zapewnia wysoka efektywna pojemno$é
wejsciowa (zdeterminowana glownie przez wzmocnienie jadra
wzmacniacza oraz pojemno$¢ sprzezenia zwrotnego Cgy =150 fF),
oraz pod katem niskich szumow. Stopien ten zuzywa 1,59 mW
mocy. Ladunek wejsciowy jest catkowany przez pojemnos¢ Cey.
Dzigki obecnosci obwodu PZC (Pole-Zero Compensation) sygnat
jest  przekazywany dalej w  postaci wzmocnionego
dziesig¢ciokrotnie sygnatu pradowego.

Tak wzmocniony sygnat pradowy jest powtornie catkowany
na kondensatorze Cy; w ukladzie CSA2. Zastosowany
w sprzezeniu zwrotnym uktad ze Zrédtem pradowym roztadowuje
kondensator pradem statym. Dzigki temu, dlugo$¢ impulsu
napigciowego na wyj$ciu wzmacniacza CSA2 jest proporcjonalna
do tadunku wejsciowego. Funkcjonalno$é ta pozwala na uzyskanie
liniowej charakterystyki przejSciowej nawet w warunkach
nasycenia jadra wzmacniacza CSA2.

Zaprojektowany uktad sktada si¢ z 11 kanatow odczytowych
(rys. 4). Ladunek wejsciowy wstrzykiwany jest przez kondensator
Ciest = 100 fF. Wstrzykiwanie nastgpuje dzigki wymuszeniu na
oktadce kondensatora skoku napiecia.
Aby umozliwi¢ testowanie przestuchow migdzy kanatami
oraz unikna¢ wyzwolenia wszystkich kanatow jednocze$nie
kondensatory Cig sa sterowane zdwoch osobnych linii
TEST_IN_0i TEST_IN_1.

= T CSAT. . . PZC .. CsA2 . :
iy T o
L ldisch .
¥ Mt L L ME :
\ [ Gisi 10*Mib1 [ E
: Ciest | I I IC!bZ :
! | 10*Cb1 I
]
| 1 OUT1..11
i !
Ls

Rys. 4. Struktura ukiadu scalonego

Zbadanie zachowania uktadéow z wykorzystaniem detektorow
paskowych o réznych pojemnosciach wigzatoby si¢ z zakupem
wielu réznych, kosztownych sensorow. Dotychczasowe proby
autorow dotyczace emulacji pojemnosci SEeNsorow
z wykorzystaniem zewngtrznych kondensatoréw polegaty na:

e dolgczeniu  zewnetrznego  kondensatora  ceramicznego
w obudowie np. 0402 do wejscia uktadu scalonego poprzez
wykonanie pofaczenia drutowego (wirebond) do specjalnie
przygotowanego padu na obwodzie drukowanym,

e dotaczeniu odpowiednio przycigtego (do zadanej pojemnosci)
przy wykorzystaniu precyzyjnego miernika RLC przewodu
koncentrycznego i podiaczeniu zyly sygnatowej do wejscia
wzmacniacza tadunkowego a oplotu do masy.

Niestety w takiej konfiguracji wptyw zewnetrznych zaktocen
docierajacych do uktadu utrudnia miarodajne pomiary (rys. 5).
W zwigzku z tym, w celu zbadania zachowania i zmian
parametrow uktadu dla réznych pojemnosci detektora, kazdy
z kanatdw ma na swoim wejSciu podigczony kondensator
zintegrowany w strukturze scalonej 0 rdéznej pojemnosci
(od 0 pF do 32 pF).

Wyjscie kazdego z kanalow posiada bufor wyjsciowy
(NMOS: 200 pm x 180 nm, Iy = 200 pA) przystosowany
do sterowania obcigzen do ok. 20 pF (np. pasywna sonda
oscyloskopowa) i jest dostepne na osobnym polu kontaktowym
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OUT1..11. Dzigki temu, sygnal analogowy  wprost
po przetworzeniu bedzie dostgpny do dalszej analizy (naktadanie
progu, zliczanie, pomiar czasu trwania, obserwacja efektu pelzania
znacznika czasowego, analiza statystyczna itp.) z wykorzystaniem
sprz¢tu laboratoryjnego.

Na podstawie przeprowadzonych symulacji post-layout
spodziewane parametry uktadu sg nastgpujace:
e poziom szuméw: rOwnowazny tadunek  szumowy

ENC =892 e" rms przy Cg = 30 pF,

e wzmocnienie tadunkowe 240 mV/fC (zachowuje liniowo$¢
do ok. 2 fC tadunku wejsciowego),

e wzmocnienie czasowe 400 ns/fC (liniowo$¢ znacznie
przekraczajaca zakres 10 fC),

e pobor mocy: 2,05 mW/kanat.

A B C
zewnetrzny dociety wewnetrzny
kondensator  przewdd kondensator
0402 koncentryczny
I
1

wirebond — ‘

0ofoooooooyoooooooon =
r

pola kontaktowe

CSA CSA CSA

ASIC

Rys. 5. Emulacja pojemnosci detektora za pomocq elementéw zewnetrznych (A, B)
oraz emulacja elementem wewnetrznym (C)

Na rysunku 6 przedstawiono napigciowe przebiegi wyjsciowe
wzmacniacza CSA2 dla réznych tadunkéow wejsciowych
(0-10 fC). Mozna  zauwazy¢, ze pomimo  nasycenia
amplitudowego wzmacniacza wystgpujacego powyzej ok. 2 fC
czas trwania impulsu jest nadal liniowa funkcja tadunku
wejsciowego.

1,2 : : : - - - . -

11 Qin: 0,10 fC

1.0

0,9

08

0,7 P

0,6 p

napiecie wyjsciowe CSA2

05p

0'4 1 1 1 1
0 1000 2000 3000 4000

czas (ns)

Rys. 6. Napigciowe przebiegi wyjsciowe na wyjsciu wzmacniacza CSA2 dla roznych
tadunkéw wejsciowych (0 — 10 fC)
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2. Plan masek topologicznych

Plan masek kanatéw pomiarowych zostal wykonany z mysla
o aplikacji w docelowym, wielokanatlowym uktadzie scalonym.
Szeroko$¢ kanatu jest zatem zgodna z odstepem migdzy paskami
detektora (58 pm). Pojedynczy kanal zajmuje obszar 58 pm x
350 um. Dzigki temu uktad jest skalowalny, co zapewnia
wspolprace z detektorami o wielu paskach (np. 512).
Aby poprawi¢ odporno$¢ uktadu na efekty radiacyjne (przede
wszystkim TID: Total lonizing Dose) zastosowano tranzystory
NMOS w topologii zamknigtej bramki ELT (Enclosed Layout
Transistor) (Rys. 7). Warto doda¢, ze wickszo$¢ nowoczesnych
technologii submikronowych ze wzgledu na cienki tlenek
bramkowy jest w duzej mierze stosunkowo odporna na niektore
z efektow radiacyjnych.

Typowy tranzystor MOS  Tranzystor MOS typu ELT

Rys. 7. Topologie tranzystorow MOS: typowego i w geometrii zamknigtej bramki
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Rys. 8. Plan masek pojedynczego kanatu uktadu scalonego
11 kondensatorow o  wartoSciach  pokrywajacych

rownomiernie zakres od 0 pF do 32 pF zostato zrealizowanych
jako pojemnosci typu mimcap (kondensator pomigdzy warstwami
metali 5 i 6 w technologii UMC 180 nm). W celu zmniejszenia
rozrzutu parametrOw tych elementéw zbudowano matryce
sktadajaca si¢ z 55 identycznych kwadratowych struktur
kondensatoréw, a nastgpnie odpowiednio potaczono je migdzy
sobg i z wej$ciami poszczegolnych kanatéw odczytowych (rys. 8).

Plan masek zaprojektowanej struktury przedstawiono
na rysunku 9. Zajmuje ona obszar 1,49 mm x 0,76 mm. Przy czym
warto zaznaczyC¢, ze zdecydowana wigkszo$¢ tego obszaru
zajmujg pola kontaktowe oraz pojemnosci emulujgce rézne
pojemno$ci  detektora  (ktore ~w  docelowej  aplikacji
nie sg potrzebne). Najistotniejsza cz¢§¢ uktadu zajmuje mniej niz
20% powierzchni struktury. Nalezy zaznaczy¢, ze prototyp ten nie
posiada padow wejsciowych do podtaczenia detektora — jego
celem jest sprawdzenie wzmocnienia (za pomoca wstrzykiwania
fadunku z wykorzystaniem generatora zewngtrznego), poziomu
szumow 1 liniowosci charakterystyki dla réznych pojemnosci
emulujacych obecno$é¢ detektora.

Prototypowy uklad scalony zostat wyprodukowany maju
2013 r. w technologii UMC 180 nm CMOS, dzigki serwisowi
EUROPRACTICE (Rys. 10). Przedstawiony uktad prototypowy
stanowil jeden z trzech niezaleznych uktadéw umieszczonych
na jednej kosci. Wykonany chip ma wymiary 1,5 mm x 1,5 mm na
ktéorym prezentowana struktura zajmuje ok. polowy powierzchni.
Aby zminimalizowa¢ wpltyw sasiadujacych struktur na wykonany
uktad otoczono go 4-rzedowym pier§cieniem zabezpieczajaCym.
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Rys. 9. Plan masek zaprojektowanej struktury: 1) obwody do polaryzacji,
2) kondensatory symulujqce pojemnosé detektora, 3) kanaly pomiarowe
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Rys. 11. Uklad scalony umieszczony na stanowisku testowym
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3. Podsumowanie

W wykonanym uktadzie zaimplementowano dwustopniowe
przetwarzanie impulsu tadunkowego jako mozliwe rozwigzanie
problemu implementacji przetwarzania typu ToT z roztadowaniem
pradem staltym dla detektorow o duzej pojemnosci w celu
uzyskania charakterystyki przetwarzania o duzej liniowosci.
Rozwigzania zastosowane w prezentowanym uktadzie powinny
umozliwi¢ szybkie i kompletne sprawdzenie funkcjonowanie toru
pomiarowego W szerokim spektrum pojemnosci sensora.

Do zalet przedstawionego uktadu mozna zaliczy¢:

e bardzo niski pobor mocy (kilka mW),

e liniowa charakterystyka ToT dla
detektora,

e nieskomplikowana budowa.

Jako wady mozna wymieni¢ (w poréwnaniu do przetwarzania
przedstawionego na rys. 3):

e ograniczony zakres dynamiczny ale nadal bardzo duzy,
e nieco wigkszy pobor mocy (ok. 30%).

duzych pojemnosci

Podziekowania

Praca powstata przy wsparciu Narodowego Centrum Nauki —
nr: UMO-2011/02/N/ST7/01815.
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mgr inz. Tadeusz Ustaborowicz

79- lecie urodzin, 55 — lecie pracy zawodowej

Tadeusz  Ustaborowicz  urodzit si¢ 16  stycznia 1935 r.

w Warszawie. Szkole $rednig ,,duzg matur¢” z dyplomem technika elektryka

ukonczyt w 1954 r. w technikum Zakladow Wytworczych Przyrzadoéw

Pomiarowych (,,ERA”). Studia wyzsze magisterskie (specjalno$¢: miernictwo

elektryczne) ukonczyt z wynikiem bardzo dobrym na Wydziale Elektrycznym

Politechniki Warszawskiej w 1967r.

Ponad 55-letni okres pracy zawodowej JUBILATA mozna podzieli¢ na dwa
etapy:

e pierwszy (1951-1990) praca w przemysle pomiarow i automatyki
(w tym okresie od 1974 roku dziatalno$¢ wspomagajaca czasopismo PAK —
Pomiary Automatyka Kontrola);

o drugi (1990-2007) praca redakcyjna po$wigcona catosci PAK.

Prace zawodowa rozpoczat w 1951 r. w Zaktadach ,,ERA” w Warszawie, pracujagc na réznych stanowiskach.
Od stycznia 1969 1. rozpoczal prace w Centrali Przemystu Automatyki i Pomiaréw (Zjednoczenie MERA
w Warszawie). W latach 1969-1984 peit rozne funkcje kierownicze, sprawujac nadzor merytoryczny nad produkcja
aparatury pomiarowej w Polsce.

W okresie pracy w Centrali MERY od 1972 r. byt spotecznie redaktorem biuletynu naukowo-technicznego
MERA oraz od 1974 r. redaktorem dziatu ,,Nowosci z Przemystu Automatyki i Pomiaréw” w czasopi$émie Pomiary
Automatyka Kontrola. Od 1990 r. rozpoczat prace w redakcji Pomiary Automatyka Kontrola jako redaktor
ds. wspolpracy z przemystem i doprowadzit do reaktywowania upadajacego czasopisma. W 1996 r. po odejsciu
catego zespotu redakcyjnego do nowo utworzonego miesigcznika PAR ponownie reaktywowal czasopismo
Pomiary Automatyka Kontrola, tworzac w 1997 r. od podstaw nowy zespot redakcyjny i nowa Rad¢ Programowo-
Naukows. Dodatkowo w 1996 r. na prosbe Stowarzyszenia SIMP utworzyl nowe czasopismo zwigzane
z ochrong $rodowiska pt. ,,Czystsza produkcja w Polsce” z redakcja w Warszawie i Gliwicach.
W 2000 r. doprowadzit do powstania samodzielnego wydawnictwa Pomiary Automatyka Kontrola i zostal jego
dyrektorem. W latach 2000-2007 z Jego inicjatywy i przy czynnym wspotudziale wydawnictwo PAK wydato
8 ksigzek o charakterze popularno - naukowym z dziedziny automatyki i pomiaréw w tym takie pozycje, ktore
wigzaty si¢ z wprowadzeniem w Polsce nowych technik:

1. Komputerowa Technika Pomiarowa,

2. Pomiary Termowizyjne,

3. Pomiary Swiattowodowe,

4. Pomiary i regulacja dla potrzeb klimatu i mikroklimatu pomieszczen.

Od stycznia 2007r. przeszedl na emeryture¢ przekazujac cato$¢ spraw wydawnictwa PAK swojemu nastepcy
z Politechniki Slaskiej w Gliwicach. Bedac na emeryturze, w 2008 r. na prosbe Fundacji Nauka dla Przemystu
i Srodowiska wyrazil zgode na wykorzystanie Jego bogatych do$wiadczen przy utworzeniu organu prasowego
Fundacji. Udzielit pomocy intelektualnej przy tworzeniu nowego czasopisma PAKGOS ukierunkowanego
na wspolprace z przemystem i uczelniami technicznymi w krajach Europy Srodkowo-Wschodniej. Zmiana tytutu
czasopisma na IAPGOS nastapita w 2011 roku. Od 2012 roku czasopismo wydaje Centrum Innowacji i Transferu
Technologii w Lublinie. Mgr inz. T. Ustaborowicz w okresie swojej ponad 55-letniej pracy zawodowej bylym
cztonkiem organizacji i stowarzyszen naukowo technicznych m. in. Stowarzyszenia Elektrykow Polskich (SEP),
Stowarzyszenia Inzynierdéw i Technikow Mechanikow Polskich (SIMP), Polskiego Stowarzyszenia Pomiarow
Automatyki i Robotyki (POLSPAR) (do chwili obecnej jest cztonkiem Zarzadu Fundacji Nauka dla Przemyshu
i Srodowiska). Byt wielokrotnie wyrézniany i nagradzany licznymi dyplomami, odznakami i odznaczeniami

Rada Programowo-Naukowa i Redakcja gratuluja JUBILATOWI
dlugoletniej aktywnej pracy zawodowej oraz skladaja
ZYCZENIA ZDROWIA i POMYSLNOSCI w ZYCIU OSOBISTYM

Rada Programowo-Naukowa Redakcja IAPGOS
prof. W. Wojcik prof. J. Sikora



DRUK 3D

Spdtka 3dproto sp. z 0.0. zajmuje sie szeroko rozumianym drukiem 3d. Powstata W styczniu 2014 roku, a w swojej ofercie
posiada juz dwa modele drukarek 3d oraz duzq ilos¢ wydrukdw na koncie. Zespdt spotki poza technologiq druku 3d w
technologii FDM pracuje rowniez nad technologiami skanowania 3d i w drugim kwartale 2014 roku zaprezentuje skaner z

wtasnymi unikalnymi rozwigzaniami. Inzynierowie 3dproto sp z o.0. pracujq nad wprowadzaniem innowacji w branze
druku 3d, o czym swiadczq przedstawiane rozwigzania.

Zdjecie:

Zdjecie przedstawia najnowszq drukarke wychodzgcg spod rak komtake:
inzynierow 3dproto sp. z 0.0. Jej oficjalna premiera odbedzie sie na Yvww.Sdproto.pI
przetomie marca i kwietnia. Drukarka zawiera innowacyjne dla b|uro@3,d'p-roto.p|
branzy druku 3d rozwigzania opracowane na podstawie badan oraz , Aiistlels _
testéw, a jej niecodzienny design z pewnoscig przyciggnie sporo Piotr Hotubowicz

zwolennikéw i entuzjastow druku 3d z Polski, a takze spoza granicy. kom.: 664-915-947
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Jeste$ badaczem, wynalazca, artysta, projektantem, blogerem, wtascicielem agencji reklamowej, firmy
szkoleniowej lub kazdej innej, w ktérej dobra niematerialne stanowig warto$¢ przedsiebiorstwa
i zastanawiasz sie jak skutecznie chroni¢ tworczos¢ swoja lub swoich pracownikéw? Nie masz czasu
na szczegotowe analizowanie zawitosci prawa autorskiego i prawa wtasnosci przemystowej, wiec nie
zdajesz sobie sprawy w jak tatwy i powazny sposéb Twoje prawa do wtasnosci intelektualnej moga

zostac naruszone i jakie konsekwencje finansowe z tego wynikaja? Nie ryzyku;j!

Rejestr to w petni wirtualne narzedzie, umozliwiajace certyfikacje przedmiotéw witasnosci
intelektualnej, posiadajace moc prawng réwnowazng poswiadczeniu notarialnemu dzieki
zastosowaniu znakowanego czasem, bezpiecznego podpisu elektronicznego. Jesli zdecydujesz sie
na zgtoszenie wzoru przemystowego, uzytkowego lub wynalazku do Urzedu Patentowego Rejestr
COPYRIGHT.PL postuzy jako przejsciowy parasol ochronny zanim trwajaca od kilku do kilkunastu

miesiecy procedura urzedowa nie zakonczy sie sukcesem.

Wielu twércodw nie ma pojecia, ze ich dzieta maja wysoka wartos¢ komercyjna. Dzieki Gietdzie online,
autorzy moga zdalnie promowac swoje przedmioty witasnosci intelektualnej, negocjowac
za posrednictwem COPYRIGHT.PL cene i warunki umowy (np. pola eksploatacji) nastepnie dokonywac

sprzedazy i kupna okreslonych praw.

Jeste$ klientem, ktory zlecit zaprojektowanie systemu informatycznego, aplikacji mobilnej, ale nie wiesz
jaka role w utrzymaniu ciagtosci biznesowej odgrywaja kody zrédtowe? Otrzymates kody zrédtowe, ale
nie jeste$ pewien, czy sa kompletne i co dalej z nimi zrobi¢. Depozyt kodu zrédtowego to ustuga szyta

na miare — wystepuje w wielu wariantach i jest zawsze dostosowana do konkretnych potrzeb klienta.

Nasi Partnerzy - Rzecznicy Patentowi z wieloletnim dos$wiadczeniem doradza Ci, jak skutecznie
uzyskac prawo ochronne na wtasnos$¢ przemystowa, dlaczego warto zbadac znak towarowy przed jego
zastrzezeniem oraz jak zarzadzac¢ wtasnoscia intelektualng, by czerpac z tego jak najwiecej korzysci

finansowych.

Przekonaj sie jak to dziata odwiedzajac Centrum Ochrony Wiasnosci Intelektualnej na stronie
www.copyright.pl. Nasi konsultanci sa do Twojej dyspozycji réwniez pod adresem e-mail:

biuro@copyright.pl oraz numerem telefonu: +48 22 378 21 56.
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